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WITH SURFACE AUTOCARB 
AUTOMATIC CARBON POTENTIAL CONTROL 


New high physicals in carburized gears—better tooth-to-tooth and 
gear-to-gear uniformity—faster cycles—automatic compensation for 
changes in work surface area during furnace operation .. . 


These are the chief benefits Warner Gear Division, Muncie, Ind., 
achieves in its most recent continuous gas carburizing line, using the 
‘Surface’ fully automatic carbon potential control system. In a nut- 
shell: The Surface dewpoint recorder-controller periodically checks 
carbon potential in each of three zones in the furnace (with a range 
of .3 to 1.1% carbon), controls mixing valves to deliver correct addi- 
tions of air or gas to maintain desired carbon potential in each zone. 
This system eliminates the human element in controlling carbon 
potential. It also provides Warner Gear with the necessary close 
control required for the practical carburizing of gears with near- 
eutectoid surface carbon concentrations. 


Write for Literature H-54-2. 


SURFACE COMBUSTION CORPORATION + TOLEDO 1, OHIO 
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Two issues of Metal Progress are being sent to all ASMembers and subscribers in August. The one dated August 1, 


1955, has the usual editorial direction. This one dated August 15, 1955, is confined to reports of 19 ASM technical 
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Metals and Applications 

Selection of Sheet Steel for Formability 
Severity classification. Examples of selection. Stretcher 
strains. Grain size. Surface finish. Die design. Speed of 
forming. Minimum bend radius. Reduction of drawn cups, 

Selection of Material for Press Forming Dies 
Sheet thickness. Selection tables for parts of minimum, 
mild and moderate severity. Cost. Tolerances. Materials. 

Selection of Gray Cast Iron.... 
Costs. Castability. Volume/area ratios, Specifications. 
Pressure tightness. Impact applications. Machinability. 
Wear resistance. Dimensional stability. Residual stresses. 
Alloying. Heat treatment. 

Selection and Application of Stainless Steel in the Chemical 

Corrosion. Stress-corrosion cracking. Design and fabri- 
cation. Cost. Acetic acid. Ammonium sulfate plus free 
sulfuric acid. Chlorinated solvents. Fatty acids, Hydro- 
chloric acid (dilute). Hydrocyanie acid. Nitric acid. 
Phosphoric acid, Silver nitrate. Sodium sulfide. Stannic 
chloride. Stannous fluoride. Sulfuric acid. Sulfurous acid 
and sulfur dioxide. Fine and pharmaceutical chemicals. 
Pulp and paper. Food products. 

Selection of Aluminum Alloy Castings...................6555. 
Quantity of parts. Tolerances. Foundry characteristics. 
Cost. Design. Properties of specimens cut from castings. 
Fatigue. High-temperature properties. 


Design and Application 

Design of Closed-Die Forgings 
Hammer forgings. Tolerances. Allowance for machining. 
Cost. Selection of steel. Design stress calculations. Hot 
upset forgings. Hot extrusion forgings. 

Helical Steel Springs 
Stress computations. Compression springs. Extension 
springs. Cold wound springs — wire, cost of steels, stress 
range, static loading. Hot wound springs — steels, 
fatigue, heat treatment. 

Surface Finish of Metals 
Symbols. Instruments. Cast surfaces. Selection. Finish 
and performance. Friction. Tightness of joints. Finish 
and tool performance. Processing method. 


Residual Stresses 


Patterns. Effects. Stress relief. Measurement. 


Influence of shape. Galvanic corrosion. Specifications. 
Cadmium. Zinc. Cu-Ni-Cr. Ni-Cu-Ni-Cr, Ni-Cr. Nickel. 
Copper. Brass. Special-purpose electroplates. 
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‘Here help in Ordering 
THE RMALLOY 


heat-resistant 


General Thermatloy 
Catalog T-225 


The broad scope of these bulletins indicates how 
much high-alloy casting experience Electro- 
Alloys offers. 

Our engineering and metallurgical staff has a 
record of successful achievements in the per- 
fection of heat-resistant or abrasion-resistant 
casting designs. This background extends also 
into alloy development where an application 
suggests it. 


Conveyor Belt 
Bulletin T-241 


This skilled staff can help you design longer 
lasting heat-treat parts in selected grades of Ther- 
malloy, which will minimize your maintenance 
and eliminate sudden expensive breakdowns. 

Write today for those bulletins closest to your 
operations. And when you face problems in heat- 
resistant casting design or high-alloy selection, 
call your nearest Electro-Alloys representative, 
or write us in Elyria. 


*Reg. U.S. Pat. Of. 


ELECTRO-ALLOYS DIVISION 


6002 TAYLOR ST., ELYRIA, OHIO 
Sales offices in: Los Angeles, Oakland, Chicago, Detroit, New York, 
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Processing and Fabrication 
Induction Hardening and Tempering. 107 


Equipment. Power and frequency. Coil design, Matching of teapedience. Accessory 
equipment. Maintenance. Mate srial. Temperature, Surface hardness. Case depth and 
contour. Residual stresses. Cost relations. Through hardening. Induction tempering. 


Methods. Gases. Equipme nt. Maintenance. Safe practices. Cost. — hing Prove dues. 
Preheating. Tempering of flame hardened parts. Materials for flame hardening. 

Gas Carburizing, Part 1-Commercial Practice...................... ve 
Gases. Equipment. Preparation and handling of parts Cc arburtahie practices for 
undiluted hydrocarbon gases or liquids. Costs. Carburizing practices for carrier gas 
plus hydroc arbon gas. Case de »pth and carbon concentration. Temperature, Control of 
atmosphere. Homogeneous carburizing. 

Reactions. Equilibrium data. Carbon availability and dem: ind. Controlling atmoaphe res. 

Control of Surface Carbon Content in the Heat Treatment of Steel.......... 144 


Carburizing-decarburizing potentials of atmospheres. Effect of temperature. 
Instruments. Control. Sampling. Evaluating carbon control. Carbon restoration. 
Atmospheres for tool steels, stainless steels, sintering, and brazing. 


Forging and Heat Treating of Tool Steel........... U1 


Forging. Normalizing. Annealing. (cycle) enncaling, Stress relieving. 
Hardening. Atmospheres and salt baths. Tempering. 


Selection of Electrodes for Manual Arc Welding of Low-Carbon Steel... 158 


Selection table. Size of electrode. Steel composition. Welding thin sections ‘Electrode 
coatings. Effect of moisture. Iron powder coatings. Speed. Position. Cost. 
Laboratory and field tests. Welding plated steel. 


Metal Cleaning Costs........... 


Direct labor. Waste semovell ‘Water. Materials. Energy. Equipment. Maintenance. 
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Testing and Inspection 
Creep and Creep-Rupture Tests. . 


Testing machines ond; grips. Specimen. Measurement and ound of temperature 
Measurement of strain. Design curves. Plotting of curves. Extrapolation of data 
Relaxation tests. Notched specimens. Dynamic creep and fatigue properties. Loading 


Radiographic systems. X-ray equipment. Radioactive sources. Films. Viewing of 
radiographs, Fluorose sopic screens. Limitations, Safety requirements. Application to 
control of manufacturing processes. Radiography of weldments, castings. Maintenance 
Macro-Etching of Iron and Steel. ..... 195 


Equipment. Solutions. Procedure. Recording. Interpretation, Special techniques 
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Digests of Important Articles 
Metallographic Polishing with Diamond Abrasives (p, A-84). Production and Heat 
Treatment of Light-Alloy Drop Forgings (p. A-92). Fatigue Strength of Aluminum 
Alloys (p. A-102). Method for Removing Oxygen from Titanium (p. A-106). Effect 
of tron on Aluminum Casting Alloys (p. A-110). Monolithic Rammed Linings for 
Aluminum Melting Furnaces (p. A-114). Fatigue Failures in Aircraft (p, A-116). 
Statistical Control in Steel Production (p. A-122) 
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Conveyorized 
Heat Treated Furnace 


FURNACES and OVENS 


4 


Goavastionty Bottom Furnace. Also, Direct-fired 
ANA for Stress Relief and Annealing 


Solution Heat Treat Furnace, Also, Ele- 
vator-type Furnaces for Malleable tron 


MORRLSON 


Whatever your heating problem, rely on MORRISON Furnaces and Ovens—built for rug 
ged duty and long life . . . engineered and designed to your most exacting requirements 


A Quarter of a Century of Service to Industry 


CLEVELAND 32, OHIO Associate Companies: SOCIETE MANGIN, PARIS, FRANCE 
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I WAS STARTLED out of my hide al 
most when they yelled that | 
needed to write another column this 


month to fill the space reserved for 
me in the 13th issue of Metal 
Progress, which is, as you know, de- 
voted entirely to supplemental ma- 
terial for the Metals Handbook. But 
I was rather glad at that, because it 
gave me an opportunity to express 
some thoughts about some activities 
I have observed going on around 
headquarters for the past year. First, 
there was the getting-together of a 
list of subject material by the Metals 
Handbook Committee and Dr. Lyman, the editor; and then the making 
“P of a list of members to be invited to serve on each committee. The 
chairman of each committee was the No. 1 man approached, and, with 
the chairman set, the make-up of the committee progressed smoothly. 
The committees were assigned by Editor Lyman to his two assistants - 
mechanical subjects to Carl Gerlach and metallurgical subjects to James 
Hontas — and then the fur flew. The committees were scheduled for meet- 
ings, either at A.S.M. Headquarters or at some more convenient city, 


where plans were outlined and jobs assigned to the members of the task 
force. 


You all are aware how good committees work and the Handbook groups 
were all par excellence. Soon there were manuscripts for review and 
tronensitiel to members for their consideration and then the final draft of 
the article. With approval of the articles, the committees’ work was “at 
ease”, but now the beehive of activity got going in Cleveland in prepara- 
tion of the articles for publication. There were extra draftsmen to hire 


(and supervise), cuts to be made, type to be set, proof to be read, pages DESIGNERS AND BUILDERS 
made up for the pressroom and a thousand and two others things that 
had to be done. OF SPECIALIZED METAL 


It was then that I observed the burning of the midnight kw. with 
Taylor and Carl and John Parina (who was appointed associate editor 
of the Handbook to replace James Hontas, who became Metal Progress 
advertising representative in the New York and Philadelphia territory) 
enjoying the cool of the evening in their offices. But where there was a 
will there was a way and this second Supplement to the Handbook has 
now been placed in your hands. 


It is a monumental piece of work, the collecting and reducing to plain 
understandable language of the final word in metalworking practice and 
placing the results in printed form for all to read and use. 


So, to these faithful and conscientious members of the Handbook Com- 
mittees, the reviewers, the staff, and their assistants, and all who in 
any way contributed to this splendid supplement, will go the thanks and 
appreciation of the entire A.S.M. membership for a job well done. As 
secretary for the twenty-five thousand members, | am authorized to say: 
We thank you, one and all! 


Cordially yours, 


Gitt 


W. H. Etsenman, Secretary 
AMERICAN Society FOR METALS 


CLEANING EQUIPMENT 


Solventol PHASE 
cleaning superiority 
is a result of a funda- 
mentally new principle 
in metal cleaning formu- 
lations. The Di*PHASE 
principle cleans faster, 
more thoroughly than 
other detergent compo- 
sitions. It removes more 
kinds of soil from ALL 
types of metols. 

Di*PHASE compositions 
are non-toxic and tem- 
porarily inhibit corro- 
sion and rusting. 


SEND TODAY— 


for descriptive literature 
ond technical specifications 
on the new Solventol Die Phase 
Liquid Series of Metal Cleaning 
Compounds and Equipment. 


SOLVENTOL CHEMICAL PRODUCTS, INC. 
DETROIT 3, MICHIGAN 
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SIGMA WELDING— Automatic, fusion 
welding process. Welds stainless steel 
(series 300) over 's-in. thick. Welds cop- 
per and other non-ferrous metals over 
Min. thick, Makes excellent welds in 
killed carbon steel. Argon protects weld 
zone— consumable electrode. 


“HELIARC™ WELDING — Well suited 
for work on hard-to-weld metals — Argon 
protects weld zone—No flux required 
Welds wide variety of joints in nearly al! 
commercial metals up to 's-in. thick. 


Joining Metals 


“UNIONMELT" WELDING — Makes 
strong, sound welds at high speeds in the 
production of pipe, pressure vessels, tanks, 
ships, railroad, automotive and marine 
equipment, Automatic, fast welding. Semi- 
automatic welder is economical main- 
tenance tool. 


OXY-ACETYLENE WELDING, BRAZ- 
ING AND SOLDERING— Permits fab- 
rication of many structures and parts 
made of all metals, Ideal repair tool. 


Linde Air Products Company 
A Division of Union Carbide and Carbon Corporation 
30 East 42nd Street New York 17, N.Y. 
Offices in Other Principal Cities 
in Canada; LINDE AIR PRODUCTS COMPANY 
Division of Union Carbide Caneda Limited, Toronto 
(formerly Dominion Oxygen Company) 


The terms “Linde,” “Heliarc,” and “Unionmelt” ore registered trade-marks of Union Carbicie and Carbon Corporation. 
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Only steel rates 


high wearability and 
machinability and stability 


OUTWEARS OTHER TOOL STEELS 3 TO} 
MACHINES 30%, FASTER 
IS THE MOST STABLE GAGE STEEL MADE 


too. Constant Pressure Machin- 
ability tests show that Graph-Mo 
steel machines 30 faster than 
other tool steels. And Graph-Mo 
steel has minimum tendency to 


RAPH-MO* is the only 
tool steel that combines 
these advantages. 


pick up, scuff or gall. Graphite 
The gages or dies you manu- particles act as a “built-in” lu- 
bricant. Tests on Amsler Wear 


longer if they're made from  Graph-Mo steel master plug gage (above) Machine show Graph-Mo steel 


‘ used in 12-year stability test. Photomicro- 
Graph-Mo steel. Tests prove its graph (below) shows free graphite and has twice the resistance ¢ 


stability. For example, a typical diamond-hard carbides that give Graph-Mo galling when compared with 
: ‘ unusual wear resistance. . 
master plug gage made of Graph- ordinary tool steels, 


Mo steel showed less than 10 


facture or buy will stay accurate 


You can always tell Graph-Mo 


millionths of an inch variation steel by its “graphitic look” —the 


tiny, scattered, parallel marks 


from its original dimensions 
after 12 years of use! barely visible on a piece of pol- 

A combination of free graphite 
and diamond-hard carbides in 


the structure of Graph-Mo steel 


ished Graph-Mo. Insist on this 
built-in “trade-mark” the next 


time you buy gages or tool steel, 
makes it wear longer. Reports For more information, write 
from users show that Graph-Mo steel outwears The Timken Roller Bearing Company, Steel and 
other tool steels on an average of 3 to 1. Tube Division, Canton 6, Ohio, Cable address: 


The free graphite particles cut production time, “TIMROSCO”, 


YEARS AHEAD —THROUGH EXPERIENCE AND RESEARCH ny 


TIMKEN 


GRAPHITIC TOOL STEELS AND SEAMLESS TUBING 


SPECIALISTS IN FINE ALLOY 


STEELS, 
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Before Conditioning 


After 


BILLET WEIGHT 


Before Conditioning 
After Conditioning 


SIZE 
FINA fore conditioning 


After Conditioning 


YIELD 


The troubles of producing low carbon steels 
have been mainly confined to rolling and surface 
preparation. 

Since production economies are necessary, 
it’s important to know what marked improve- 
ments have recently been obtained by Rare 
Earths in steel production. Minimizing bloom- 
ing mill cracking, less conditioning time per 
ton, and increased yields are some of the results 
already proven. More than 200 production heats 
of low carbon steel show production savings 


which alert steel operators can use to advantage. 

This recent progress further justifies eco- 
nomical rare earth additions for iron and steel. 
Commercially known as RareMeT Compound, 
it is conveniently packaged in ten pound 
containers. 

Operating the world’s largest rare earth 
deposits, Molybdenum Corporation of America 
welcomes requests for additional technical appli- 
cation data for specific problems. Complete and 
immediate response to inquiries is offered. 


Grant Building 


CORPORATION OF AMERICA 


Pittsburgh 19, Pa. 


Offices: Pittsburgh, Gteage, Batven, Los Angeles, New York, San Francisco 


Sales Representatives: Edgar |. Fink, 
Subsidiary, Cleveland Tungsten, inc., Cleveland 
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| TO COMPLETE YOUR 


CONSTRUCTION MATERIALS 
TESTING MACHINES 


RIEHLE TESTING MACHINES 

Division of Americon Mechine and Metels, inc. 

Dept. MPH-855, East Moline, 

Send me catalogs on these Riehle machines: 


r) UNIVERSAL HYDRAULIC TESTING MA- 

~ CHINES AND ACCESSORIES — In 3 models, 
with capacities to 400,000 pounds. With 5-scale 
range Pendomsile Indicating Unit or 2-scale 
range Bourdon tube indicating unit. 


‘2 UNIVERSAL SCREW POWER TESTING 

MACHINES AND ACCESSORIES — With 5- 

scale range Pendomatic Indicating Unit. Capac- 

ities up through 400,000 pounds. 

CONSTRUCTION MATERIALS TESTING 
MACHINES AND ACCESSORIES — For test- 
ing cement and concrete cylinders, masonry 
anits, soil specimens, brick, tile and other con- 
struction materials. Buile in 6 models with 
capaci.'es from 60,000 lbs. through 400,000 Ibs. 

‘= TORSION TESTING MACHINES — For test- 
ing axles, crankshafts, airplane control rods and 
similar specimens. Built in 4 models with capac- 
ities ranging from 4,000 through 300,000 inch- 
pounds. 

= HORIZONTAL TENSILE TESTING MA- 

CHINES — For stressing rope, cable and chain. 

Capacities to 500,000 Ibs. with 5-scale ranges. 

Accommodate any specimen length pol me 


TES 


TESTING MACHINES 


CHECK, CLIP OUT AND ATTACH TO YOUR LETTERHEAD 


Get one WESE 12 FREE CATALOGS 
TING MACHINE REFERENCE FILE 


RIEHLE 


TORSION TESTERS 


CREEP TESTING MACHINES — Can be fur- 
nished as a complete “package.” Capacities are 
12,000 and 20,000 pounds, 


BRINELL HARDNESS TESTERS — Fully hy- 
draulic operation, For standardized loads of 
500, 1500, and 3000 kg. meeting revised ASTM 
standards with loading accuracy of 1%. 


VICKERS HARDNESS TESTERS — Most versa. 
tile hardness tester known, Loads can be varied 
from | to 120 kgs. and readings are in one continu- 
ous scale from the softest to the hardest of metals. 


PORTABLE HARDNESS TESTERS-—In 2 
models, the smaller handles specimens of 5 
inches diameter, and the larger, 12 inches. The 
larger tester weighs only 11 lbs. Readings in 
Rockwell scales A, B, C, D, F and G. 


CABLE AND WIRE TESTERS — For multiple 
proof-testing of cable with fittings. Capacities: 
up to 6500 Ibs. Has 5 loading units, each with 
individual automatic timer and control. 


IMPACT TESTING MACHINES — A combina- 
tion machine for making Izod, Charpy or tension 
tests. Can also be furnished as a single purpose 
machine. Capacities up to 220 foot-pounds. 


TESTING MACHINES GUIDE— An 8-page 
Bulletin covering the line of Riehle Testing 
Machines and Instruments, 


This set of Riehle catalogs 

covers the complete line of 

| Riehle Testing Machines that will 
solve your materials testing 
problems. Check coupon for 

the catalogs you wont and 

we'll send them promptly, 

without obligation. 


RIEHLE 


TESTING MACHINES 
Division of American Machine and Metals, inc. 
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ZINC DIE CASTINGS ALUMINUM DIE CASTINGS 


complete —in one casting operation complete —in one casting operation 


MODERN METHODS — 
| 
to cut component parts costs. 
PARKER 


A sure way to cut your component 
parts costs is to eliminate production 
POWDERED METAL PARTS operations. Parker die castings and pow- 
dered metal parts save money by re- 
complete —in one pressing operation ducing — in many cases eliminating — 
costly machining operations and scrap 
loss. The parts shown here are typical 
examples of Parker’s skill in these 
modern production methods. You'll find 
it worthwhile to check on the cost and 
design advantages of Parker die castings 
and powdered metal! parts. Just call the 
nearest Parker Sales Engineer listed 
here or write the factory direct. 


PARKER SALES ENGINEERS 


CHICAGO 49, Ill. KIRKWOOD 22, Me. 
Ollie J, Berger Company Edward F. Higgins, Jr. 
2059 East 72 Street 102 West Adams Street 

CINCINNATI, Ohie WILTON, Conn. 

H. Broxterman Girard L. Palmer 
2174 Buck Street Belden Hill Road 

DETROIT 35, Mich SYRACUSE, N.Y. 
Hodgson Geisler Co. 4. C. Palmer 
18917 James Covrens 712 State Tower Bidg. 

GIRARD, Penne. BELLEFONTE, Penne. 
Deniel F. Marsh Werren G. Olson 
35 Chestnut Street 420 East Linn Street 


PARKER WHITE METAL CO., ERIE, PA. 


ALUMINUM and Zinc Dit CastinGs 
P R 4 E R METAL Parts 
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Maximum performance from your tools and dies is 
possible only when your design, toolmaking and heat 
treating are backed by sound, top quality tool and 
die steels. You control the first three factors. But how 
can you be sure, before delivery, that the die steels 
you order will deliver the results you want? 


To give you this assurance, Carpenter puts its 
“mark” on every grade of die steel it produces. 
This mark, or brand name, is the sign of consistent 
Carpenter quality. 


In back of it, at Carpenter, is a long list of painstaking 
controls. These include Hot Acid Etch Inspection, 
Ultrasonic Testing, Tough Timbre and Hardenability 
Testing. And that’s only the start of many extras you 
get with Carpenter brands of tool and sie steels... 
extras that enable you to predict in advance results 
you'll get on the job! 


Accurate selection is one example. With the Carpenter- 
pioneered Matched Set Method your men take the 
guesswork from choosing the one steel best suited to 
the job. Trouble-free heat treating is another. Through 
tests and controls, Carpenter has simplified the heat 
treatment of Matched Tool and Die Steels beyond 
anything previously known. Further, a wealth of 
printed information gives you a “blueprint” to mini- 
mize costly heat treating hazards. 


All this...and more, stands behind every bar of 
Carpenter Matched Tool and Die Steel. So, when 
you see any of these Carpenter brand names, you can 
feel safe in the knowledge you're getting full value 
from your investment. Specify Carpenter Matched 
Tool and Die Steels. It costs you no more to be sure / 


4 


& 


Export Department: The Carpenter Steel Co., Port Washington, N.Y.—““CARSTEELCO” 
THe Carpenter Sreet Co., 133 W. Bern St., Reading, Pa. 


Mill-Branch Warehouses and Distributors in Principal Cities Throughout the U.S.A. and Canada 


PS Tool and Die Steels | 


— — 
— — 


And each bar is colored full length with a distinctive 
color for each grade. Here's positive identification! 
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Hastenoy alloys were Aerated Sul- et 
1 Hydrochloric huric Acid and Hydro- 
ae ig Acid Pickle Bath ickle Bath gen Chioride 


Hot Hydrofiuoric Hot Ferric AluminumChio- 
Acid Chioride ride Catalyst 
Boiling Hydro- : 
chloric Acid 


HASTELLOY Alloys last for years 
under severe corrosive conditions 


These graphs were drawn from data on actual installa- 


Hasrettoy alloys were still going strong when the data 


tions of Hasret.oy alloys in severe corrosive media, No were obtained. In some, corrosion was complicated by 

other material tried lasted more than six months in most abrasion, impact, and the presence of contaminants. 

of these installations, some considerably less than this. Samples for testing HastetLoy alloys under actual oper- 

Hasre..oy alloys lasted for years. ating conditions are available without obligation. Just let us 
Biya Use of Hasre..oy alloys saved time, money, and produc- know what corrosive conditions are involved. For a copy 
ae. tion time in all the installations, The graphs do not tell the of a booklet describing Hasre.oy alloys, get in touch with 


entire story by any means, Some of the parts made of the nearest Haynes Stellite Company Office. 


HAYNES STELLITE COMPANY 


A Division of Union Carbide and Carbon Corporation 


WCC) 
General Offices and Works: Kokomo, Indiana 


Sales Offices 
Chicago - Cleveland - Detroit - Houston - Los Angeles - New York - San Franersco - Tulsa 


“Haynes” and “‘Hastelloy”’ are registered trade-marks of Union Carbide and Carbon Corporation 
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NO PICKLING PROBLEM 
Too La rge or To 0 Sma 


WELDCO Specialists 
Handle Them All! 


IN HUNDREDS OF PLANTS, you'll find 
Weldco equipment all along the pickling line. For 
Weldco products are made of corrosion-resisting, hot 
rolled metals, that withstand attack from hot acids 
and other pickling solutions. They are strong yet light- 
weight, wear-resistant, durable, and long-lasting. You 
get all these advantages when you specify Weldco 
hooks, mechanical picklers, crates, baskets, racks, chain, 
; steam jets, and accessories. 
f Weldco offers a complete, well-designed line of 
pickling equipment . . . plus the services of our ex- 
perienced staff. Let Weldco engineers take care of 
all your pickling needs. For any problem, large or 
small, they have the practical, cost-cutting answer. 


THE YOUNGSTOWN WELDIN 
& ENGINEERING COMPANY 


3712 GAKWOOD AVE. YOUNGSTOWN &, OR) 
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Analyze 
STEELS 


in one minute 
or less! 


Direct Reading Spectrometer 


The speed, precision and versatility you want in a 
direct reader are now yours in the Atomcounter. 
Everywhere you look you see evidence of ingenious 
engineering — a dispersing system entirely new 

in concept; a versatile, reliable excitation unit, 
simplified electronic circuitry. For routine analyses 
of alloy steels the Atomcounter offers you 
exclusive advantages: 


Fast — complete analyses in 1 min. or less. 
Precise — standard deviations of 1-2”. 
Unitized construction — simple to service. 
Compact — only 8144" x 43%”. 


For more information on the ways the 
JAco Atomcounter can help you, write today 
for Bulletin DR. 


Exclusive JAco-engineered Dispersing System 


The Wadsworth 1.5 meter stigmatic concave grating mount, 
with a 30,000 line/inch ruling (G) gives 5.3A/mm and good 
intensity from 2300 to 4300 A. 
Collimating mirrors (M1, M2) produce 
two similar full intensity spectra, 
one above the other. This feature 
(patent applied for) 1) makes pos- 
sible measurement of two lines very 
close together, one in each spec- 
trum; 2) doubles space available for 
photomultipliers; 3) makes possible 
employment of photomultipliers di- 
rectly behind most lines without 
mirrors. 


JARRELL-ASH COMPANY 
26 Farwell Street, Newtonville, Mass. 


SALES OFFicEet 
DETROIT 
13680 Capito! Ave. 


PITTSBURGH. PA. 
916 Greehil! Road 


EL CERRITO, CAL. 
1344 Devonshire Drive 


LOS ANGELES (DUARTE: 
Miltenwood Road 
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Let us help you... from design 
to completed machine 
flame 
hardening co. 
17644 Mt. Elliott, Detroit 12, Michigan 
Phone TWinbrook 1-2936 


DETROIT 


ADVANCED INDUSTRIAL 
CHEMICALS & EQUIPMENT 


CLEANING 
PROCESSING! 
POUNDS) 


Service Offices in 98 U.S. Cities, 
Toronto, Mexico City and 16 Countries Abroad 


Manufacturing Plants in Los Angeles, 
Berkeley Heights, N.J., Chicago, and Mexico City 


E 
| Ba 
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ye Metal Cleaning & Processing 
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PRODUCTS OF AMPLEX POWDER METALLURGY— 


> Self-Lubricating, Heavy Duty Bearings 


Heavy-Duty OILITE Bearings function efficiently under heavy loads 
at moderate speeds and readily absorb shocks and stresses because of the 


built-in oil cushion. They are used extensively by every known industry 
for everyday bearing needs. IDEAL in applications where positive lubri- 
cation maintenance is uncertain due to the human element, self-lubri- 
cating OILITE Bearings are unexcelled in “trouble” areas difficult or 
impossible to lubricate. 
The original oil content frequently provides lifetime lubrication but 


subsequent lubrication can easily be provided for, if needed. 
Heavy-Duty, Self-Lubricating OILITE Bearing Material is also avail- 
able from dealer stocks. Cores and Solid Bars range in size from 14" to 
15 \" 1 D and 1” to 184%" O D. Also available in Plates, Discs and Strips. 
It may be readily machined into bearings of any desired size or shape. 
Widely used for maintenance, it effects lasting repairs and can be used 
for test and experimental purposes. 


> Precision Finished Machine Parts 


OILITE Precision Parts are die-pressed metal powder parts made in a 
broad range of ferrous and non-ferrous metals and alloys. Physical prop- 
erties range up to the equivalent of low carbon steel. They operate more 
quietly and wear longer than similar solid materials and may be self- 
lubricating if desired. 

By eliminating up to 36 conventional machining operations, OLLITE 
parts effect direct savings up to 96%. OILITE Precision Parts are fre- 
quently produced at less than the cost of rough castings. Tool costs are 
modest and prompt deliveries can be arranged. 


> Porous Metal Filters 


OILITE Permanent Metal Filters provide uniform depth filtration of 
particles as small as two (2) microns. These units are strong and rigid 
and may be readily cleaned by reversing flow or back-flushing with a 
solvent. Other advantages include unusual freedom of design, long life 
and low cost. 

SOME OF THE MANY USES include filtering, diffusing and con- 
trolling the flow of gases and liquids, separating liquids having different 
surface tensions, removing moisture from air streams, acting as sound 
deadeners and flame arrestors, serving as wicks for lubricating air streams, 
and acting as snubbers on pneumatic tools. 

A WIDE CHOICE of shapes, sizes, porosities and materials assures 
exact conformity to product requirements. 

OILITE Permanent Metal Filters can be plated and ire easily 
bonded to other metals. 


Let Chrysler-Amplex help you with your Bearing, Parts, Filter or Special Product 
Problems. Extensive research and production facilities stand ready to assist you. 
OILITE field engineers, supply depots and dealers in all principal cities. Overseas 
distribution thru Chrysler Export. 


— only Chrysler makes ITS 


tion on self-lubricating 

bearings, finished ma- 

CHRYSLER CORPORATION + AMPLEX DIVISION chine paris, filters and 
Dept Detroit other powder metal units. 

31, Mich. 52 pages. Write today 

for OILITE Engineer- 

ing Manual E-55. 
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FROM 25 LBS/HR... 


Controlled Atmosphere Ipsen Heat Treating 
Units start with models like this compact 
RT-25-E, especially designed for laboratory 
and tool work...adependable, economical unit. 


IN STANDARD UNITS... 


Regardless of your heat treating production 
requirements, you'll find an Ipsen gas or elec- 
tric unit that will fit your processing needs .. . 
like this popular T-400 unit illustrated. 


UP TO 2000 LBS/HR... 


For heavier production, Ipsen units have 
double heating zones, pre-heating chambers, 
and other features. All production units feature 
Ipsen patented transfer systems. 


PLUS AUXILIARY EQUIPMENT... 


Ipsen Gas and Electric Generators are made in 
sizes from 500 to 1200 C.F.H. Ipsen Carbo- 
tronik automatically controls carbon potential. 
Coordinated Ipsen Washers and Tempering 
Units complete the line. 


/ psen «== YOUR COMPLETE SOURCE FOR CONTROLLED ATMOSPHERE 
HEAT TREATING EQUIPMENT... 


Ipsen Heat Treating Units will improve the rm AUTOMATIC. 
quality and volume of your production... 


ATIC | 
and cut production costs, We'll be glad to send 7 . 
you facts of actual installations, Or, send us 
samples. We'll process them and provide re, 
cost and procedure. ial HEAT TREATING UNITS — 


Write Today for Complete Details 


IPSEN INDUSTRIES, INC. 
_ 723 SOUTH MAIN STREET, ROCKFORD, ILLINOIS 
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ELECTRIC UTILITIES 


AND THE 
ELECTRIC FURNACE 


Mr. Paul D. Brooks, Commercial V. P. and Director* 


Mr. Paul W. Emler, Director—industrial Sales* 


BEGINNINGS AND DEVELOPMENT OF ELECTRIC FURNACE USE 


The use of the electric arc for metal melting ex- 
tends back to the very beginning of the electrical 
era. It was recognized very early that the electric 
arc is a means of obtaining elevated temperatures 
and higher degrees of heat concentration than is 
possible through the combustion of fuels. Later, 
Sir William Siemens, using a dynamo of about 
4 hp. capacity, applied the electric are principle in 
melting platinum, iridium, steel and iron. 

It was not until the end of the 19th century that 
any serious effort was made to use this melting 
process industrially. One reason for this unpro- 
ductive interval was the absence of dependable 
electric power generating facilities great enough 
to meet demands for tonnage melting. In 1899, Dr. 
Paul Heroult began his extensive work on the pro- 
duction of steel from pig iron and later from com- 
mon scrap iron, He also attacked the problem of 
refining steel and found that the electric furnace 
possessed features that permitted refining opera- 
tions to be carried far beyond anything possible 
in the open-hearth furnace. The direct arc furnace, 
as we know it today, is a composite of the original 
Heroult furnace to which have been added numer- 
ous features, developed by other investigators, 
that time and experience have proved to be essen- 
tial to the satisfactory and economical operation 
of the furnace. 

The first electric arc melting furnace used in this 
country was installed in Syracuse in 1906. The 


original furnace was a 6 ton, 3 phase unit of 800 
kw. capacity. 

The crucible process for the production of spe- 
cial steels was gradually replaced by the electric 
arc melting process and, by 1918, 282 such fur- 
naces, having an annual production capacity of 
500,000 tons, were in operation. From that time 
until 1940, growth was moderate, capacity reach- 
ing 1.7 million tons. Beginning in 1940, electric fur- 
nace capacity increased at a rapid rate, reaching 
4.6 million tons in 1943. Much of this expansion 
was due to the heavy demand for high-grade alloy 
steel and castings for the war effort. 

With the end of the war, a large idle capacity of 
electric furnaces developed as production of elec- 
tric steel dropped to 2.6 million tons. This avail- 
ability of idle furnace equipment was one factor 
which induced experimentation in the use of the 
electric process for the production of plain carbon 
steel. It was found that, under a given set of con- 
ditions, the overall costs in electric furnace pro- 
duction of plain carbon steel might be as low as, 
or lower than, the overall costs of the open-hearth 
process. Older ideas about manufacturing costs of 
electric steel had to be revised, due to improved 
furnace design, larger transformer capacities, new 
process techniques and the fact that electric power 
cost had remained practically constant while the 
costs of most other commodities had increased. 
This experimentation led to an expansion of elec- 


*American Gos ond Electric Service Corporation 


| 


tric furnace capacity and to an increase in electric 
steel production from a post-war low of 2.6 million 
tons in 1946 to an all-time high of 7.3 million tons 
in 1953 (see Figure 1.) 

One result of post-war interest in the electric arc 
furnace as a producer of low carbon steel was the 
study, “Comparative Economics of Open-Hearth 
and Electric Furnaces for Production of Low-Car- 
bon Steel”, prepared by Battelle Memorial Institute 
and sponsored by the Electric Furnace Survey 
Group. This group was comprised of a number of 
Electric Utility Companies, including an affiliated 
company of American Gas & Electric and Bitumi- 
nous Coal Research, Inc. The study, which was 
based on plants having annual capacities of 
250,000, 500,000 and 1,000,000 tons, concluded that 
for cold-charge practice, the electric furnace shop 
will have a lower overall production cost than the 
open-hearth shop and, for hot-metal charge, there 
will be little difference in overall operating costs 
between the two. 

Operational advantages of the electric are fur- 
nace have been well established and are recognized 
by all steel manufacturers. They include closer 
temperature control, closer metallurgical control, 
high heat efficiency, lower installation cost per 
unit of production, flexibility in operation to meet 
changing production schedules and flexibility in 
type of product. 

The arc furnace, in addition to its place in ingot 
steel production, accounts for practically all the 
steel castings that are made in this country and it 
is rapidly gaining acceptance in the iron foundry. 
It is widely used with the cupola to duplex cupola 
iron and, by this operation, not only improves the 
quality of the iron but reduces the cost as well. 


ELECTRIC POWER 
FOR ARC FURNACE OPERATION 


Three important factors to be considered when 
selecting equipment to increase steel-making ca- 
pacity are: the availability of an adequate electric 
power supply; the present cost of power; and what 
the relation between electric power cost and the 
cost of fuel for open-hearths is likely to be during 
the twenty or twenty-five year life of the equip- 
ment. Just as a lack of sufficient electric facilities 
delayed application of the arc furnace to industry 
in the 19th century, so now the availability of de- 
pendable electric capacity at reasonable and stable 
cost has hastened the recent growth of electric 
furnace capacity. 

The remainder of this paper will discuss ques- 
tions of electric power supply and power cost for 
electric arc furnaces. The discussion will generally 
represent the experience of the electric utility in- 
dustry, but it wi be based in part on our own 
American Gas & Electric experience and planning. 

Electric arc furnace load is no stranger to the 
AGE System. Our experience in supplying this de- 


mand covers a span of more than thirty-five years. 
After serving a number of smaller furnaces, the 
first 100 ton are furnace ever built was connected 
to our system at Canton, Ohio, in 1927. Since that 
time, electric are furnace capacity served by the 
AGE System has grown to more than one-half mil- 
lion kva. In all cases, we have been able to work 
out in advance economical means to satisfactorily 
serve proposed are furnace installations. We cer- 
tainly feel that this type of load is a desirable one 
and, based on our past experience, look forward to 
serving many more arc furnace installations. 
Before looking ahead at what future electric 
utility system capacities and electric power cost 
may be, let us look first at past electric load growth 
and power cost. Figure 2 shows the peak loads that 
have occurred on electric utility systems since 
1930. Figure 3 shows the cost trend of electric 
power delivered to industry. It is apparent that 
during the time that electric demand quadrupled 
the unit cost of power delivered to industry was 
reduced 30°. Even during the years between 1940 
and 1952, when commodity prices doubled, electric 
power costs remained stable, as shown by Figure 4. 
The reasons for past reductions in power cost 
are important because the same factors will affect 
future costs. First, the electric industry is a dy- 
namic industry. Reduction in cost of service natu- 
rally leads to expansion in use of service; and 
expansion in use of service makes possible still 
further reduction in power cost. Expansion in use 
of service is also affected by population growth, 
higher standards of living, the shorter work week 
and changing industrial technology. Table 1, which 
shows the relation of Employment, Productivity 
and the use of Electricity in Manufacturing Indus- 
tries since 1920, clearly indicates one reason for 
this increase in electric power. Between 1920 and 
1953, while the amount of labor per unit of pro- 
duction, expressed as million man-hours per 
FRB unit, was decreasing from 539 to 210, 
electric energy used per unit of production 
increased from 655 to 1,460 million kw-hr. 
At the same time, power used by indus- 
try increased from 1.21 to 6.94 kw-hr. 
per man-hour. 
The two principal elements in the 
cost of electric power are the cost 
of generating the power and the 
cost of transmitting it to the 
user, Many technological im- 
provements in generation 
and transmission have 
contributed to the ax- 
iom that the cost of 
power decreases as 
the demand for 
power grows 
Among these 
advances are: 


(Continued on page) 


Table 1. Employment, Productivity and Use of 
Electricity in Manufacturing Industries 


YEAR FRB INDEX MILLION kwehr. MILLION MAN-HRS kwehe 
OF MFRS PER FRB INDEX PER FRB INDEX PER MAN HOUR 
1920 39 655 539 1.21 
'25 48 798 383 2.08 
'30 48 1076 336 3.21 
| '35 46 1206 301 4.01 
1940 66 1197 259 4.62 
110 1107 259 4.28 
'50 113 1454 224 6.48 
; '53 136 1460 210 6.94 


Source: Federal Reserve Bulletin - Handbook of Labor Stotistics 


Monthly Labor Review + Historical Statistics of the U.S 


Federal Power Commission » U.S. Census of Manufacturers 


adoption of the reheat cycle, higher steam tem- 
peratures and pressures, single reheat boiler-tur- 
bine units, centralized generating-plant controls, 
simplified power-plant design and layout, and 
larger-sized generating units. A direct result of 
these improvements was the increase in generat- 
ing-plant fuel-efficiency as shown by Figure 5. 
This relation between electric load growth and 
power cost is one of the principal keys to future 
power costs. Let us look now at the peak loads 
which are expected for future years, shown by Fig- 
ure 6. The 1975 load on electric utility systems is 
expected to be between triple and quadruple the 


: 1953 load. We do not know precisely what new 
Be loads and increases in existing loads will occur to 
a bring about this large increase in power require- 
BE: ments. We can foresee, however, and are planning 
a for, tremendous advances requiring very large 


amounts of power in the steel and metal industries, 
the chemical industry, in electric space heating 
and air conditioning and other uses. These uses, 
combined with the effects of population growth 
and improved living standards, are expected to 
bring the peak loads indicated. 


Assuming a stable economy and the load in- 
creases predicted, cost of electric power is likely 
to continue to decline. The major portion of electric 
power generated in this country is from steam gen- 
eration using coal as a fuel, and this situation is 
likely to continue for another twenty years. Future 
coal prices are, therefore, important in estimating 
future power costs, just as future prices of gas 
and oil are important factors in open-hearth fur- 
nace costs. Although variables, such as technologi- 
cal changes, governmental controls and basic sup- 
plies, make predictions difficult, the Battelle study 
did devote considerable attention to the subject. 
Figure 7 is from that study and indicates that, 
while coal prices are likely to remain stable or 
decrease in the future, oil and gas prices will prob- 
ably increase. Many other factors will contribute to 
the probable decline in power costs, but two de- 
velopments pioneered by AGE are indicative of 
what will be accomplished: 

The first of these is the development of Super- 
Critical Pressure steam generation. The 4,500 psi, 
1,150 Degree F, double-reheat-steam, power gener- 
ating unit, which is now under construction at 


Figure 1. Annual Production of Electric Furnace 
| 
Figure 4. Price of Electric Power soldtoindustry Figure 5. Average Fuel Burning Efficiency of all 
compared to Price of allother Commodities* == Utility Steam Plants = 
ie 


Philo, Ohio, will be the world's most efficient unit 
with an expected heat rate of 8,500 B.t.u. per kw-hr. 
The average of all steam plants operating in this 
country was 13,366 B.t.u. per kw-hr. in 1952. The 
large increase in power requirements in the future 
will mean that almost all generating equipment 
will be modern by today’s standards; and, even 
assuming no further progress beyond the Philo 
unit, fuel used per kw-hr. in 1975 will be only about 
two-thirds of what it is now. 

A second development pioneered by AGE is the 
use of 330-kv. transmission lines to handle today's 
loads and those of the future. One 330-kv. circuit 
will transmit about six times as much power as one 
132-kv. circuit at a cost of only about twice that of 
the 132-kv. circuit. As loads grow, making higher 
voltage transmission practical, transmission costs 
per unit of power will decrease. 

In addition to the above factors, which will tend 
to decrease power cost, there is Atomic Power. 
Undoubtedly, it will have its place in future power 
generation; but it is unlikely that anyone knows 
whether the time in which Atomic Power can be 
brought to fruition as a large-scale economic op- 


eration is of the order of five years or whether a 
much longer period will be required. We are now 
actively engaged in the research and development 
stage of the art of Atomic Power generation. 
Based on all known factors, AGE is confident 
that power loads and power systems will grow 
tremendously in the future and that power costs 
are likely to continue decreasing. Electric power, 
which is industry's biggest bargain today, will be 
in an even better competitive position with the 
fuels of tomorrow. There will be adequate electric 
capacity to supply all of the needs of the country, 
including not only electric are furnaces for the 
steel, metal and ferro-alloy industries but electric 
are furnaces for calcium carbide plants, phosphor- 
ous plants and many others. The growth in electric 
system capacity will tend to solve many of the elec- 
tric are furnace supply problems which have been 
present in the past. Low cost electric power of 
adequate capacity, combined with the inherent 
advantages of the electric are furnace and the im- 
provements being made in furnace equipment and 
techniques, will all contribute to a continuing 
expansion of electric arc furnace applications. 


7. Past, Present and Potential Trends 
U.S. Price Levels of Primary Mineral 
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CUPOLA REFRACTORY 


“The foundry industry today is in a period of trans- 
ition. There are about 5,000 cupolas in the U.S. pro- 
ducing grey cast iron... and it’s possible that no 
two foundries have precisely the same conditions 
or requirements. So don't expect a revolution over- 
night...” 

This quotation from a veteran in the grey iron 
foundry field illustrates two important aspects of 
that industry today. One is an awareness of tradi- 
tion. The other, a susceptibility to change. To- 
gether they comprise a basic philosophy of “Make 
Haste Slowly”—a hard one to beat when making 
policy for a period of sound, competitive growth. 
Among the most interesting of the new practices 


to receive industry-wide attention is the use of 
carbon — in the form of blocks, brick shapes and 
paste — as a cupola refractory. Undoubtedly, the 
trend toward carbon refractories in the grey iron 
industry received impetus from its success in 
hearths, side-walls and even up to the mantles of 
blast furnaces — nearly 40% of which are now 
lined with carbon in some form. 


PROPERTIES OF CARBON AS A 


CUPOLA REFRACTORY 

Carbon is: 

Completely inert to the chemical effects of slag 
corrosion, either acid or basic 

Highly resistant to thermal shock and dimension- 
ally stable 

Not wet by molten metals or slags 

High in abrasion resistance at elevated tempera- 
tures 

Low in absorption into the molten bath 

Available in all the forms in which other refrac- 
tory materials are provided. 


If these properties are considered in terms of the 
advantages each one offers the cupola operator, 
the value of carbon as a refractory is clearly evi- 
dent. For example, its chemical inertness com- 
pletely eliminates slag corrosion—undoubtedly the 
greatest single cause of damage to acid or basic 
linings. Breakage and joint failure due to shrink- 
age cease to be problems because of carbon's low 
coefficient of expansion. Clean-out of metal and 
slag is greatly accelerated by carbon's low adhe- 
sion to these materials. Since it has no melting 
point, carbon retains its favorable resistance to 
abrasion at all operating temperatures. Its low ab- 
sorption into the bath rules out loss of refractory 


by this means. And, finally, because it is available 
in blocks, brick, shapes, paste and cement of vari- 
ous formulations, carbon requires no substantial 
change in conventional lining and maintenance 
practices. 


APPLICATIONS 


The merits of carbon for lining the front slagging 
trough or spout of the cupola are generally recog- 
nized. Troughs with carbon linings are giving eco- 
nomical, trouble-free service in both acid and basic 
cupolas. A typical trough lined with carbon brick 
and carbon ramming paste is illustrated in Figure 
1. In carbon-lined troughs, such wear as occurs is 
due almost entirely to simple erosion and can read- 
ily be repaired with carbon paste which is baked 
in by the normal heat of operation. 

In the cupola proper, carbon has found its most 
wide-spread use to date in the well zone. Carbon 
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well-linings 
have given 
very satisfac- 
tory service in 
both acid and 
basic cupolas, 
although the 
preponderance 
of installations 
so far is in the 
field of basic 
slag practice 
where the re- 
fractory first- 
cost differen- 
tial is relatively small. Generally, it may be said 
that wherever it is desirable to operate a cupola, 
either acid or basic, for long periods, or where 
refractory costs are averaged out against large an- 
nual tonnages, carbon well-linings look good from 
any angle—including cost-per-ton of metal poured. 

Figure 2 illustrates a type of cupola design 
wherein carbon lining of the well is virtually dic- 
tated by all considerations of economy and effi- 
ciency of operation. Here oxidation in the melt- 
zone is not a problem because external water cool- 
ing of the steel shell has eliminated refractories 
entirely from this area. The carbon-lined well may 
be expected to give from 6 months to 1'% years or 
more of service with only routine maintenance, and 
performance of the carbon refractory blocks is 
such that the bottom need be dropped only at very 
infrequent intervals. 

This design, when it employs carbon in the well, 
offers a unique flexibility of operation in that slags 
may be varied from acid to basic to “neutral” as 
required to meet changing product specifications. 
This feature is especially interesting at a time 
when more and more foundries are being required 


the breast opening is closed with suitable ramming 
materials. 

As regards melt-zone applications of carbon, ex- 
periments are now under way to develop a type of 
construction which will perform to economic ad- 
vantage in this highly oxidizing atmosphere. 


BLOCK, BRICK OR RAMMING PASTE? 


Determination of the form in which carbon is used 
in the cupola should be made largely on the basis 
of economics. 

For length of life, ease of maintenance and speed 
of installation, carbon block of the maximum 
size which can be handled by plant facilities are 
strongly recommended. Cost is about 2-2 times 
that of carbon brick, but when averaged over the 
large tonnages of continuous or heavy, intermittent 


operation of the unit during the long life of the 
refractory, this consideration becomes negligible. 

Carbon bricks, while physically the same mate- 
rial as the larger shapes, require longer to lay up 
and have a greater number of exposed joints, How- 
ever, where production is intermittent, and carbon 


Previous issues of CARBON AND GRAPHITE NEWS are still available, = 


National Corbon Company , 30 East 42nd Street, New York 17, New York, giving name, title « 
fhe torm “Motions?” af Colon aad 


to produce a greater variety of irons on short no- 
tice and under highly competitive conditions. Basic 
practice also substantially reduces sulphur content 
— an advantage which finds its chief application in 
low-sulphur base for the ultimate production of 
nodular or ductile iron. 

In addition to its use in trough and well, carbon 
has been very successful in breast and tap-hole 
construction. Several methods of application have 
been employed, with results indicating preference 
for a monolithic breast block of carbon, grooved to 
accommodate carbon and ceramic tap-hole brick 
(figure 3). The block is placed in the breast and 


is being considered as a direct replacement for 
other types of refractory bricks, their lower first 
cost may determine their choice over block. 
Carbon paste is used for maintenance of both 
pre-baked carbon brick and blocks and is handled 
much like any other plastic refractory patching 
material. Its cost — much lower than pre-baked 
carbon — has led to its use as a ramming-mix liner 
for the entire cupola well. While life is relatively 
short, such jobs compare favorably on all counts 
with refractory linings other than carbon. Fre- 
quently, carbon paste has supplanted other types 
of plastic patching materials with excellent results, 
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even in wells and troughs lined with magnesite or 
fire clay brick. 


CONCLUSION 


With many carbon-lined cupolas now in operation 
and many more projected for the immediate future, 
carbon definitely occupies a place in the cupola re- 
fractory scene. Moreover, the progressive trend 
exemplified by the type of operation in which car- 
bon is now being used, together with the sometimes 
astonishing degrees of efficiency and economy 
reported over former linings, bears an importance 
out of all proportion to the number of cupolas as 
yet involved. 


. ADVANTAGES OF CARBON FOR 
CUPOLA LININGS 


Eliminates refractory damage by slag corrosion 


May be used with acid, basic or neutral slags without 
relining. 


Will not crack or spall from thermal shock 

May be quenched when hot, speeding cupola repairs 
Retains mechanical strength at high temperatures 
Does not adhere to metal or slags 

Cannot soften or melt 


Provides long, trouble-free life for extended periods 
of operation 


UNION CARBIDE’'S NEW LAB TO SEEK MATERIALS OF TOMORROW 


Union Carbide and Carbon Corporation is building a new 
Research Laboratory at Parma, Ohio, to be managed by 
National Carbon Company, a Division of the Corporation. 

While other major UCC research units are devoted 
primarily to inorganic chemistry, organic chemistry, plas- 
tics and metallurgy, the work at Parma will be in the fields 
of physics and the interrelation of physics and chemistry. 
This is an appropriate assignment for National Carbon since 
its present research organization is well fitted to function 
in these fields. 

The new Research Laboratory will engage in basic, 
exploratory work. Much of it will be on solid state physics 
research in the broad abstract sense, as well as the practical 
investigation and design of materials for future industrial 
requirements. Work will be done with metallic and non- 
metallic compounds of carbon, as well as analogous com- 
pounds, such as inter-metallics and semi-conductors. Activi- 
ties will be directed toward specific end-products only to the 
extent that such products have their primary origins in 
the discovery of new and fundamental material-process 
applications. On this broad basis, the horizons of this new 
research operation are virtually unlimited and, conse- 
quently, unpredictable. 

Among the possible far-future developments to come 
from studies at the new UCC Research Laboratory are 
materials for new and improved transistors and related 
electronic devices that can play a tremendously signifi- 
cant role in an expanding electronic world. 


The key to further development of new ferrites may be 
found. Ferrites are complex, inorganic compounds having 
high permeability at low flux — they could have wide appli- 
cation in electronic computers and automation devices 

New refractory compounds, as well as improvements in 
the established materials, such as graphite, could come out 
of research on totally new materials and processes for this 
important industrial application. 

Photo-sensitive materials, leading to new and more effi- 
cient methods of converting light energy to electrical 
energy, might be developed. 

National Carbon Company's present products, such as 
electrodes, brushes, projector carbons, dry batteries and 
carbon and graphite shapes, have resulted from the applica- 
tion of traditional physics and the sciences of optics, electro- 
physical chemistry, conductivity, and surface phenomena 
Research along these lines will, of course, be continued and 
amplified; but in this new laboratory, emphasis will be 
placed on the more radical approaches which the new 
physics may suggest. 

The Laboratory will cost several million dollars, with 
ground improvements, buildings, equipment and furnish- 
ings, and will accommodate a staff of approximately 200 
research personnel, plus clerical and service personnel. 


NATIONAL CARBON COMPANY 


A Division of Union Carbide and Carbon Corporation 
30 East 42nd Street, New York 17, New York 
In Canada: Union Carbide Canada Limited, Toronto 


LITHO IN U.S.A. 
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FINKL QUALITY 


. and quality that only 76 years of metal working experi 
ence can impart. W4X Hot Work Steel made by Finkl, 
meets the requirements for aluminum extrusion tools such 
as mandrels, liners, rams, and adapters. We manulacture 
containers as well as reworking and relining used contain 
ers. Quality control, trom steel making in our own melt 
shop, through lorging, heat treating, machining and inspec 
tion makes them the finest tools available. 

Hot Work Die Steels made by experts cost you no more 
than those from non-specialists in hot work applications, 
and in the long run certainly less. When your next require 
ments for hot work tooling, die blocks, or forgings are 
being considered, consider Fink! for the best. Our engi 
neers will gladly offer the advantage of their knowledge 
and our experience. There is no obligation. 


Offices in: DETROIT * CLEVELAND + PITTSBURGH + INDIANAPOLIS 
*« HOUSTON « ALLENTOWN « ST. PAUL * COLORADO SPRINGS + 
SAN FRANCISCO « SEATTLE « BIRMINGHAM «+ KANSAS CITY 
Warehouses in: CHICAGO + EAST CAMBRIDGE + LOS ANGELES 


A. Finkl & Sons Co. 


2011 SOUTHPORT AVENUE: CHICAGO 14 
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Douglas Aircraft’s new tear and peel tests 
prove versatility of 5000-lb. Baldwin machine 


Douglas Aircraft Company finds their versa- 
tile Baldwin gives accurate, flexible testing in 
two new tests devised by them. At their Santa 
Monica, California Materials Laboratory tear 
and peel tests on titanium sheet and metal 
bonding adhesives, respectively, are being run 
on this 5000-lb. universal machine. 

The tear test is used to determine usable 
quality sheet before release to the factory. It 
also measures brittleness, formability and 
strength, The test is conducted on the Baldwin 
by applying tension loads to a_ specially- 
prepared specimen engaged in steel hooks. By 
pulling the ears of the specimen, tearing origi- 
nates at a pre-set point produced by a notch. 
The load increases until reaching the force re- 
quired to start the tear from the notch. Then 
the load drops off rapidly or slowly in relation 


to the brittleness or ductility of the material. 
The load is autographically recorded along 
with the strain during the test. 

Their peel test operation measures tensile 
strength of metal bonded specimens. Test 
panels are gripped in the jaws of the Baldwin 
machine and are peeled apart at a jaw separa- 
tion rate of two feet per minute, separating the 
bond at a rate of one foot per minute. An 
autographic record versus crosshead motion 
is obtained. The test includes measurement 
of average adhesive film thickness and type of 
failure. 

You too can count on Baldwin testing 
machines for versatile service at safe, 
convenient operation. For further details write 
to Dept. 2873, Baldwin-Lima-Hamilton Cor- 
poration, Philadelphia 42, Pa 


Testing Headquarters 
BALDWIN-LIMA-HAMILTON 


TEAR TEST 
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THER-MONIC 


... the most complete line of 
INDUCTION, DIELECTRIC & FOUNDRY 
CORE BAKING EQUIPMENT 


RENTAL PLANS 
also available! 


_ enables you to pace today’s competition! Use it 
) solder, harden, anneal, forge or melt...to 
ndry cores...to preheat or cure plastics... 
, chemicals, textiles, wood, paper, ete. 
‘THER-MONIC produces (note above) the 
s range of standord heat treating equipment ii 
powers and frequencies. 
‘They are versatile and efficient. You can bank « 


them to achieve uniform results—with unskilled labor 
_..,and not in minutes or hours—but in precious seconds! : 
Wewelcome the opportunity torecommendappropri- 
ate tooling and equipment guaranteed to produce the __ 
quality and production rates. Inquiries invited! . 


INDUCTION HEATING CORPORATION 


Se ee ee eee 


MOTOR GENERATORS. 


INDUCTION HEATING CORP. 

181 Wythe Ave., Brooklyn 11, N. Y. 

Gentlemen 

1 would like more informetion about THER-MONIC 
Equipment for... 

[J Brazing Soldering [) Hardening [) Forging 
[J Annealing Melting Foundry Core Baking 
Dielectric Heating Rental Plans 

Heve your representative call! 


Nome 
Company 


Title 
Street City 
Stete 
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Chemicals 
For your Industry and Laboratory 


LABORATORY APPARATUS 
& CHEMICALS FROM 


HARSHAW SCIENTIFIC 


Laboratories need apparatus and 
chemicals to carry on their work. 
Thousands of items are carried in 
stock by Harshaw Scientific. Your re- 


quirements can be filled, whether you 


“INDUSTRIAL CHEMICALS 


tal CHEMICAL 


need chemicals and apparatus for a 


single experiment, or to furnish a 
complete laboratory. Branch offices 
and stocks are maintained in conven- 
ient locations to help you obtain your 


requirements within a short time. 


HARSHAW SCIENTIFIC 


DIVISION OF THE HARSHAW CHEMICAL CO. 
Cleveland + Cincinnati + Detroit + Houston 


JUST WRITE 
for this sixteen 
page book which i 
describes Harshaw's 
major activities. 


CLEVELAND 6, OHIO 


Chicago Cincinnati Cleveland 
Detroit + Houston « Los Angeles » New 
‘Philadelphia « Pittsburgh 
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@ Synthetic Optical Crystals | 
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NUMBER 32 OF A SERIES 


You might look for a lot of fancy tooling on the Standard Flamatic 
that hardens all these jobs. You won't find it. 


Instead, you'll find a single, work-holding fixture and two pairs 
of standard flame heads, changed over in minutes to switch from 
one job to the next. These parts are made by a manufacturer of 
automotive transmissions whose schedules and varying lot sizes 
make the heat treating virtually a job-shop operation. 


Flamatic keeps the pace, maintains part-to-part uniformity, holds 
costs in line, and gives the maintenance people practically no 
trouble. Flamatic holds temperatures in line with electronic con- 
trol, operation is pushbutton except for loading. 


To find out how versatile Flamatic selective hardening can be, 
write for Publication No. M-1861. 


THE CINCINNAT! MILLING MACHINE Co. 


fl 
matic CINCINHATE %, OHIO, U.S.A. 
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10,000 REASONS FOR UDDEHOLM QUALITY 


Why is it that over the years Swedish steels have 


acquired an unmatched reputation for quality and 
purity? Is it because of the excellence of the raw 
materials available in Sweden . . . the high-grade 
charcoal and the low-phosphorus, low-sulphur ores? 
Is it the result of the steady technical advances of 
Swedish scientific research? 

Certainly these are contributing factors... but we 
feel that the most important ingredient in fine Swed- 
ish steels is the accurnulated experience of the indi- 
vidual steelworkers and technicians, who have grown 


up in the time-honored tradition of the industry. 


Uddeholm—-a name synonymous with highest 
grade Swedish iron and steel since 1668—has helped 
create this tradition. The majority of the 10,000 
craftsmen employed by Uddeholm are following in 
the footsteps of their fathers and grandfathers . . 


wy 


using the skills and abilities which have been 
handed down from generation to generation for 


almost three centuries. 


In the manufacture of quality tool and die steels 
and high grade cold-rolled strip steels, there is a cer- 
tain point where even the finest machines and pre- 
cision measuring instruments and automatic controls 
must begin to rely on human judgment and decision 
It is here at this crucial point that it is determined 
whether the steel will be run-of-the-mill or worthy 
of being stamped with a Swedish trade- why 
. with the Uddeholm trademark (HB 


known and respected by steel buyers 


mark .. 


fromm San Francisco to Singapore 


WRITE POR TOOL STEEL STOCK LISI 
OR POR LIST OF COLD-ROLLED STRIP STEELS 
NO OBLIGATION, OF COURSE 


UDDEHOLM COMPANY OF AMERICA, INC. 


New York: 155 East 44th Street, MUrray Hill 7-4575 


Tool and Die Steels 
Specialty Strip Steels 


Offices and 


Cleveland: 4540 East 7ist Street, Diamond 1-1110 
Warehouses 


Los Angeles: 5037 Telegraph Road, ANgelus 2-512! 


District Representatives; DETROIT; Warren H. Nugent, 17304 Lahser Rd, KEnwood 5-6340 © CHICAGO. Prank }. Mackin, 
Leroy E. Marshall, 55 E. Washington, STate 2-1649 * TORONTO; Uddeholm (Canada) Ltd. 95 King St. East, EMpire 6-1033 
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More proof that 


RODS” last times longer 


Completely Equipped With “‘Hot Rods’’ after Norton 
cRYSTOLON heating elements proved their ability to outlast 
others 3 to 1. This electric furnace is one of a battery operated 
by the Alloy Metal Wire Division of H. K. Porter Company, 
Inc. of Prospect Park, Pa., for bright annealing alloy wire at 
2150F. Heating elements operate in an air atmosphere, while 
the wire passes through tubes containing a controlled split- 
ammonia atmosphere. These furnaces idle at 1700F-1750F on 
weekends and holidays, so element service is continuous. 


Alloy Metal Wire Division 
H. K. Porter Company, Inc. converts 
to CRYSTOLON* heating elements 


Norton CRYSTOLON Heating Elements, or “Hot Rods”, are a 


typical Norton R an expertly engineered refractory prescription 


after tests prove superiority 
of latest Norton R 


Like many another new user of “Hot 
Rods” the Alloy Metal Wire Division of 
H. K. Porter Company, Inc. found that 
these Norton CRYSTOLON heating ele 
ments last much longer. Here is a sum- 
mary of the tests responsible for this 
company’s decision to make a complete 
change-over to “Hot Rods.” 

Electric P sat yr at the company’s 
Prospect Park plant are used for 
bright annealing alloy wire at 2150F. 
Previous heating elements had given 
approximately 4 to 6 months service 
with 3,048 hours as the best recorded 
service life. Then, in a furnace com- 
equipped with Rods’’ the 

orton elements averaged 18 months 
of continuous service — or over 13,000 


hours per element. Once again ‘Hot 
Rods’’ proved their ability to outlast 
competitive elements — by better than 
3 tol! 

But that’s not the whole economy- 
story. The much longer life of “Hot 
Rods” also means savings in element 
costs, because fewer “Hot Rods” are 
needed — plus reduced maintenance, 
due to less frequent changing — plus 
fewer changes in voltage taps — plus a 
smoother production flow. 


Put these advantages 
to work for YOU 
in your own electric furnaces or kilns. 
The big illustrated booklet, Norton 
Heating Elements, gives complete details 


for greater efficiency and economy in electric kiln and furnace opera- 
tion. Made of self-bonded silicon carbide, each rod has a central hot 
zone and cold ends. Aluminum-sprayed tips and metal-impregnated 
ends minimize resistance and power loss. Available in standard sizes, 


on how this proved Norton cuts op- 
erating and maintenance costs, For your 
copy, write to Norton Company, 334 
New Bond Street, Worcester 6, Mass. 


REFRACTORIES 


..» Prescribed 
Qllaking better products... 
to make your products better 


*Trade-Mork Reg. 5, Pat. Off. ond Foreign Countries 


Engineered... 
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0S TU C 0 . » One Solution to all your tubing problems 


In exploring the possibilities for future production, consider the advantages 
of Ostuco Steel Tubing, Since 1908, Ostuco seamless steel tubing has solved 
design, engineering and cost problems in every industry. 

Submit your blueprints and we'll produce special-quality Ostuco Tubing, 
made to your exact specifications, and deliver it when you want it. 

Ostuco’s unique “single-source” service eliminates interplant shipment, 
reduces error, speeds delivery, One order gets action that helps keep your 
production on schedule, Discuss your particular requirements with an 
Ostuco Sales Engineer, or send blueprints for immediate quotation. Write 
direct or contact our nearby sales office. 


MECHANICAL SEAMLESS 
Carbon and alloy steels, hot rolled or 
cold drawn, for mechenico! and pressure 
applications. Size Range: Approx. Ya” 
0.0. 22 Ga. to 7” 0.0. with wolls 
proportioned to diameter. 


AIRCRAFT MECHANICAL SEAMLESS 
Meets exocting AMS, Army and Novy 
specifications for Aircroft Mechanicol 
Tubing. 


AIRFRAME SEAMLESS 
Annealed in controlied atmosphere for 
non-oxidized surface. 


FORMING—FABRICATING 

Tapering, swaging, flanging, upsetting, 
bending, expanding, end closing, bead- 
ing, threading, spinning, drilling, slot- 
ting, notching ond many other forms. 


ELECTRIC-WELDED 

Resistance welded, het or cold rolled 
for mechanical applicotions. Availoble 
in low carbon steels. Size Ronge: )” 
0.0. x 22 Ge. te 3” O.D. x 12 Ge. 


OSTUCO TUBING 
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117 Liberty Street, New York 6, New 


SALES OFFICES: BIRMINGHAM * CHARLOTTE * CHICAGO 


elby, Ohio~Birth (Ook Pork) * CLEVELAND * DAYTON © DENVER * DETROIT 
Shelby, Oh place of the seomless (Ferndale) * HOUSTON * LOS ANGELES (Beverly Hills) 
tube industry in America LOUISVILLE * MOLINE * NEW YORK * NORTH KANSAS CITY 
PHILADELPHIA * PITTSBURGH * RICHMOND * ROCHESTER 
ST. LOUIS © ST. PAUL © SEATTLE © TULSA * WICHITA 
SEAMLESS AND ELECTRIC WELDED STEEL TUBING CANADA, RAILWAY & POWER ENGR. CORP., (TO. 
—Fabricoting and Forging EXPORT: COPPERWELD STEEL INTERNATIONAL COMPANY 


York 
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Steel 
= we. bulletin on two chromium- 
nickel alloy steels. Properties, working 
instructions, heat treatment, recommend- 
ed uses. Carpenter Steel 
562. Alloy Steel 
Data book on the selection of the proper 
alloy steel grades for each manufacturer's 
needs. Wheelock, Lovejoy 
563. Alloy Steel 
32-page book on abrasion resisting steel. 
Properties, fabricating characteristics, 
uses. U. S. Steel 
564. Alloy Steel 
68-page “Aircraft Steels” 
vised military specifications. 
mage boc 
treated, special 
Laughlin 
566. Aluminum 
12-page booklet on extruded shapes, 
tube and pipe, coiled sheet, forgings and 
properties of aluminum alloys. Revere 


567. Aluminum Die Castings 
Bulletin on design and manufacture of 
aluminum die castings. Hoover Co. 


568. Aluminum Heat Treating 

8-page Bulletin 5912 on solution heat 
treating, annealing, stabilizing and aging 
of aluminum. General Electric 


569. Aluminum Heat Treating 
Bulletin on furnaces for aging, annea 
ing, heat treating and forging aluminum. 

Morrison Eng’g 


570. Ammonia 


includes re- 
Also stock 


Steel 
on applications of heat 
alloy steel. Jones & 


Bulletin on dissociating process gives 
advantages of ammonia as controlled at- 
mosphere. Sargeant & Wilbur 
571. Are Welding 

New 16-page catalog on equipment and 


accessories for tungsten arc welding proc- 
ess. Air Reduction Sales Co. 


572. Atmosphere Cooling 

Bulletin T-40 on automatic heat treating 
units with controlled atmosphere cooling. 
Ipsen Industries 


573. Atmosphere Furnace 
Bulletin on controlled atmosphere fur- 
nace. Industrial Heating Equipment 


574. Atmosphere Furnace 

12-page bulletin on electric furnaces 
with stmeaphnens control for hardening 
high speed steel. Sentry 


575. Atmosphere Furnace 
Information on mechanized batch- 
atmosphere furnaces for cyanid: 
carburizing, clean hardening or ra 
nm restoration. Dow Furnace 


576. Atmosphere Generator 
Bulletin 439 on exothermic atmosphere 

generators for converting natural gas, 

manufactured S, propane or butane. 

W. S. Rockwell Co. 

577. Austem 
8-page booklet 

of austempering and ma 


0. 500 on present status 
rtempering—de- 


velopment, 
austempering and martempering. Ajax 
Electric Co. 
578. Basie Materials 

24-page booklet on Alundum, Crystolon, 


S-curve theory, reasons for 


Magnorite, Norbide, zirconia, carbides, 
borides and other basic materials. Prod- 
ucts made from them are listed. Norton 
579. Bearings 

4-page bulletin on plastic bearing ma- 
terials. Dixon Corp. 
580. Beryllium Copper 

Bulletin 1 on available alloys, condi- 
tions, tempers and tables of sizes and 
properties. Penn Precision Products 


581. Bimetal Applications 
36-pa booklet, uccessful Applica- 
tions o Thermostatic Bimetal”, describes 


22 uses. W. M. Chace 


582. Black Oxide Coatings 

8-page booklet on black oxide coatings 
for steel, stainless steel and copper alloys. 
Du-Lite 


583. Blackening Compounds 

Bulletin on blackening compounds for 
ferrous alloys to AMS Spec. 2485. Swift 
Industrial Chemical 


534. Brass 

New 20-pa pocket-size booklet on 
brass rod mill products. Weight tables, 
and other technical data. 
itan Metal Mfg. Co. 


585. Brazing 

Folder on low-temperature brazing tells 
how to boost brazing production. Handy 
& Harman 
586. Brazing 

Bulletin 124—on salt bath brazing proc- 


ess—shows how it is possible to substitute 
brass for copper and develop joints of 
adequate strength for most steel assem- 
blies. Ajax Electric 


587. Brazing Aluminum 
12-page bulletin, ADR 45, on how to 

torch braze aluminum and strength of 

joints so brazed. Air Reduction Sales 


588. Brazing Stainless Steel 
Illustrated booklet, “Bright Annealing, 
Hardening and Brazing Stainless Steel”, 
describes conveyor furnace and bright 
brazing alloy. Sargeant & Wilbur 


589. Carbon and Graphite 
20-page catalog on carbon and graphite 

applications in metallurgical, electrical, 

chemeal, process fields. National Carbon 


590. Carbon Brick 

Bulletin on properties, grades, applica- 
tions of carbon and graphite brick for 
hand! corrosive chemicals and molten 
metals. National Carbon 


591. Carbon Control 

Technical report on instrument for con- 
trol of carbon potential of furnace atmos- 
pheres. Lindberg 


592. Carburizing 

16-page booklet on 
processes and equipment. Discussion 
suspended carburization, car restora- 
tion. Surface Combustion 


593. Centrifugal Castings 

Booklet on spun centrifugal castings of 
bronze for liners, rings, rolls, sleeves, 
bushings. American Non-Gran Bronze 
594. Chromium Cast Iron 

48-page book on effects of chromium on 
properties of cast iron. Data on produc- 
tion and uses. Electro Metallurgical 
595. Cleaner 

Folder gives data on metal cleaners for 
use with water in still-tank or spray- 
washing equipment. Solventol 


596. Cleaning 

Data on chemical for removing scale, 
rust and paint from ferrous alloys. Kelite 
597. Cleaning 

24-page booklet on use of solvent de- 


tergents for removing carbon, grease, dirt 
and paint. Oakite 


598. Cleaning Aluminum 

12-page bulletin on cleaning process for 
preparing aluminum and magnesium for 
welding. Northwest Chemical 


599. Cleaning and Finishing 
34 data sheets on cleaners, plating chem - 
icals, strippers, phosphate coatings, black 
oxide salts, polishers. MacDermi 
600. Coatings 
Data sheet on industrial Protectox, tar- 
nish-resistant coating for silver, silver 
alloys, copper, brass and gold. Technic 
601. Cobalt Alloy 
12- page booklet, “Haynes Alloy No. 25 


tells the —» ~ properties of this 
cobalt-base alloy. Haynes Stellite 
602. 


Controlled Atmocpheres 
Illustrated literature descri 

trolled atmosphere installations. Gas At- 
mospheres, Inc. 


603. Controllers 
12-page booklet on temperature controls 


and special purpose controllers. Operation, 
design, installation. Assembly Products 


604. Copper Alloys 

New 48-page book contains tables of 
alloys with composition, typical u 
general, working, mechanical, electrical 


properties, hardness, ASTM specification 


numbers. Revere 
605. Copper Alloys 
40-page book on eleven copper alloys. 


Properties, cleaning, annealing. Seymour 
606. Corrosion Data 


Data Card 160 gives comparative resist- 
ance to various corrosive media of several 
stainless steels. Babcock & Wilcox 


607. Creep Testing 

6-page bulletin diagrams and describes 
dynamic creep testing machine. Ivy Co. 
608. Creep Testing 


Bulletin RR-13-54 on new creep testing 
machine. Riehle 


609. Cut-Off Wheels 
Folder 7 gives data, operating suggestions 
and grade recommendations of cut-off 


wheels. Manhattan Rubber Div. 


610. Degreaser 


40-page book on properties and use of 
trichlorethylene. Methods of handling and 
safety measures. Niagara Alkali 


611. Degreasers 

Folders on vapor and solvent degreasers 
describe equipment and advantages. 
Ramco Equipment Corp. 
612. Degreasing 


34-page booklet on vapor degreasing. 
Design, installation, operation and main- 
tenance of equipment. Circo Equipment 


613. Desealing Process 
8-page bulletin on sodium hydride de- 
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Manufactur> 


WHICH 
METAL-CLEANING 
JOBS 
WOULD YOU LIKE 
TO IMPROVE? 


Listed below are some of the operations 
discussed in Oakite’s 44-page handsomely illus- 
trated booklet on Metal Cleaning. Please check 
the list. Then let us show you how Oakite 
methods can give you better production with 
greater economy. 


Technicn! Bervice Hepresentatives in 


- 


OAKiITE PRODUCTS, Inc. 
26H Rector St., New York 6, N.Y. 


Tell me about Oakite methods and materials for the follow- 


ing jobs: 
Tank cleaning: 
[| Machine cleaning 
C) Electrocleaning 
C) Pickling, deoxidizing 
Pre-paint treatment 
[] Zine phosphate coating 
Paint stripping 
Steam-detergent cleaning 
Barrel cleaning 
Burnishing 
Rust prevention 
send me 4 FREE copy 
booklet ‘‘Some good things to know 
Metal Cleaning’. 


PYROSIL.... outstanding manufacturer of 


QUARTZ PIPE 


"FUSED SILICA” 
FOR ALL PURPOSES 


welding ring inserts « chemical 
plants « high temperature 
furnaces « refineries 
dryers + heat 
exchangers 
ANY SIZE OR ORDER 
FOR YOUR SPECIAL 


NEEDS AND 
APPLICATIONS 


PYROSIL 


INC. 


CUYAHOGA FALLS, OHIO” 


KENTRALL Hardness Tester 


MAKES BOTH 
Superficial & 
Regular Tests 


Thoroughly proven in the field over the past two 
years, the KENTRALL makes all Superficial Rock- 
well tests (15, 30 and 45 kg. loads), as well as all 
Regular Rockwell tests 

(60, 100 and 150 kg. 

loads). 


Want complete infor- 
mation? Write for Bul- 
letin RS. 


| 
| 
= ELECTRIC WEAT LAMPS 
every epplication 
Principal Cities of U6. end Canada 
| 
| 
i | 
1 
Torsion 
Main Office and Factory: 
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(Your latest reference to better production 


— 
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NEW J&L BOOKLET ON 


EXTRUDED 


WITH J&L 
EXTRUDED SECTIONS 
YOU CAN: 


1. ELIMINATE 

time and costs in machining operations. 
2. ELIMINATE 

time and costs in finishing operations. 
3. REDUCE 

scrap losses practically to the zero point. 


4. ELIMINATE 
the cost of castings and forgings of intricate 
sections requiring considerable machining. 


SECTIONS 


AT YOUR SERVICE 


EXTRUDED SECTIONS 


++ tailor made 


J&L Extruded Sections are Custom-Made for you. 
They can be preformed to the predominating cross 
section of the part you wish to produce. And the 
range of sections is almost limitless. These sections 
possess the physical benefits and accurate toler- 
ances derived from cold drawing. And you can 
obtain them in a wide range of analyses. 


1. YOur Section is pre. 


formed to the cr 


able in wide + 


Use this handy coupon. This new booklet contains de- 
tailed information about the money and time saving odvan- 
tages realized with the use of J&L Extruded Sections. 


Sones Laughlin 


STEEL CORPORATION — Pittsburgh 
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AND COLD DRAWN) 
to | 
YOUr specifications | 
Port you wish the 
vr Of sections is practically 
2. YOUR section con 
t time. There is 
normal time in the 
pes necessity to build we 
ond, i oddities of analyses 
toler ond accures 3 
ng. trom cold draw. 
R “qvontity” prob. 
extremely Qvontities are 
. duction of a ung ven the pro. 
Practical or can be 
J &L 
l ~ | 
— 
; 3 Goteway Center, Dept. 405 
Pittsburgh 30, Pa. 
; ] Please send me your new Booklet on EXTRUDED SECTIONS. | 
| Compeny—___ ] 


Maghathe mic 10, ¢ycle Induction Heoter 


10,000 cycle unit 1” steel bars Magnethermic makes induction heaters only. 
for Gt rate of one through 10,000 cycles, and can give 
every 3 n@conds of over 1,000 per hour. G@upenenced guidance on selecting the best 
preheating for forging or extrusion your heating jo! 
has many Gdvanioges speed, economy, clean- 
liness, Glosé control, acicptability, increased die 
aad @tiractive working conditions. 

But the @ucstion of which frequency—low. 
sometimes confuses the issue. 
Bach hes ts Own place and its advantages. 


High Frequency? 
ASK MAGNETHERMIC 


4 
Rag 


scaling process for ferrous and nonferrous 
metals. DuPont 


614. Descaling Stainless Steel 

Bulletin 25 on descaling stainless steel 
and other metals in molten salt. Hooker 
Electrochemical 


615. Design of Dies 

Bulletin 75B on design of dies for upset 
forging. Also rules for upsetting and ex- 
amples of forgings. Ajax Mfg. 


616. Dew Point Control 

Bulletin No. 21-C on instrument which 
indicates, records and controls dew point 
automatically. Ipsen 


617. Die Casting 
Booklet on “High-Speed Precision Die 
Casting Machines’. Reed-Prentice 


618. Die-Casting Machines 


Case histories of companies using vari- 
ous types of die-casting machines. Kux 


619. Die Castings 

Booklet on small zinc die castings. 
Types that can be made. Properties of 
zine die casting alloys. Gries Reproducer 


620. Die Castings 

New booklet contains standard specifi- 
cations, tolerance tables and physical 
roperties of die casting alloys. Parker 
White Metal Co. 


621. Ferro-Alloys and Metals 
104-page book gives data on more than 
250 different alloys and metals produced 
by the company. Electro Metallurgical 
622. Finishing 
Two 8-page bulletins on dip tank and 
flow coat finishing describe processes, ad- 


vantages and disadvantages of each. Du 
Pont Finishes Div. 


623. Finishin 

52-page book “Advanced Finish - 
ing” describes equipment for deburring 
and finishing. Almco Div. 


624. Flame Hardening 

New 20-page catalog on flamatic hard- 
ening machines and allied equipment. 
Cincinnati Milling Machine Co, 


625. Flame Hardening 

Attractive literature discusses flame 
hardening of large ways, rolls, etc. Detroit 
Flame Hardening Co. 


626. Flow Meters 
Bulletin 201 on flow meter for gas used 
in heat treating. Waukee Eng’g 


627. Fluoroscopy 

12-page booklet on fluoroscopy for non- 
destructive internal inspection. Explains 
image amplifier. Westinghouse Electric, 
Industrial X-Ray Dept. 


628. Forging Hammers 

24-page brochure describes construction 
and use of steam drop hammers. Erie 
Foundry 
629. Forgings 

94-page book on die blocks and heavy- 
duty forgings. 20 pages of tables. A. Finkl 


630. Forgings 


Series of articles on modern forging 
methods. Hill Acme 


631. Forming Dies 

Bulletin No. 205 on aluminum powder 
reinforced epon resin casting compound 
for sheet metal forming dies, holding and 
positioning jigs and fixtures. Metals Dis- 
tmtegrating 


632. Fuel Gas 
Bulletin on “Pyrofax” es for cutting, 
r 


brazing, metallizing, flame dening, car- 
burizing and heat treating. Pyrofaz Gas 


633. Furnace Belts 
44-page catalog describes metal belts 


for quenching, tempering, carburizing and 
other applications. Ashworth Bros. 


634. Furnace Fixtures 


16-page catalog on baskets, trays, fix- 
tures and carburizing boxes for heat 
treating. 66 designs. Stanwood Corp. 


635. Furnaces 
Series of bulletins on controlled atmos- 


re, carburizing, nitriding, hardening 
urnaces. American Gas Furnace 


636. Furnaces 


High temperature furnaces for temper- 
atures up to 2000° F. are described in 
bulletin. Carl-Mayer Corp. 


637. Furnaces 

Folder describes complete setup for 
heat treatment of small tools. Waltz 
Furnace 

638. Furnaces 

44-page Catalog 112 features furnaces 


for hardening, tempering, carbonitriding, 
forge heating, annealing and 


tool heat treating. C. I. 


639. Furnaces 

40-page book describes gas and electric 
furnaces and applications. Four basic 
types of atmospheres. Glossary of heat 
treating terms. Westinghouse 


640. Furnaces 
Bulletin on electric heat treating fur- 


naces describes five series and accessories. 
Lucifer Furnaces 


641. Furnaces 


Data on luminous wall forging furnaces. 
A. F. Holden 


642. Furnaces, Heat Treating 

Bulletin on furnaces for annealing, 
normalizing, hardening, tempering, forg- 
ing. Flinn & Dreffein 


ayes 


CINCINNATI 
SUB-ZERO 
presents... 
for 
economical 
mechanical 
low 
temperature 
refrigeration 


CINCINNATI 
SUB-ZERO 
A-120-1 


* Costs less than 
$1500.00 


* 1 cubic foot capacity 

* Simple “plug-in” 
unit 

.- ++ more than 15 yeors ex- 


perience in low temperature 
refrigeration. 


Here's the new CINCINNATI SUB-ZERO 
chilling machine engineered to the needs of 
heat treating laboratories, experimental de- 
partments, developmental centers and similar 
“limited 
A-120-1 has the capacity to chill 25 pounds 
of steel an hour from 4+80° t —120° F. 


production” users. 


The Model 


It is easy to start—just plug it into a wall 
socket—it costs only pennies a day to oper- 
ate. Hermetically sealed refrigeration; all- 
steel construction. Instrumentation as 
required, Observation window, entrance 
holes, heaters and other test equipment 
available as accessories. Other units 
available in sizes to meet your needs. 


Write for full information 
General Offices and Piant 


3930-R5 Reading Rd. 
Cincinnati 29, Ohio 


AUGUST 15, 1955; PAGE A-29 


| 

q 

| 

SY 


MST GRADE Ii—This material is commer- 
cially pure titanium. It is essentially all 
alpha titanium and is therefore not hard- 
enable by heat treatment. It is more ductile 
than any commercial titanium alloy and is 
weldable. MST Grade Ill is available as 
50,000 psi, 65,000 psi, or 80,000 psi 
yield strength material. 


MST 6GAI-4V—A heat-treatable alpha- 
beta bar and sheet alloy. The Al-V system 
is of the beta isomorphous type, showing 
no eutectoid decomposition. This alloy has 
excellent elevated temperature proper- 
ties up to approximately 750°F. MST 
6Al-4YV is relatively insensitive to notches 
and is weldable. 


MST 3Al-5Cr—A heat-treatable alpha- 
beta bar ond forging alloy which is pri- 
marily used in the annealed condition. 
MST 3AI-5Cr has good elevated tempera- 
ture properties. 


MST 4Al-4Mn—A heat-treatable alpha- 
beta bar and forging alloy which is pri- 
marily used in the annealed condition. It 
has good elevated temperature properties. 
Eutectoid decomposition is so sluggish that 
it never occurs in commercial applications. 


MST 8 Mn — An alpha-beto sheet alloy 
used primarily in the annealed condition. It 
has good formability and may be used at 
moderately elevated temperatures in the 
annealed condition. Euvtectoid decomposi- 
tion is so sluggish that it does not occur in 
commercial applications. 
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for the full range of 
mill products call 


Mallory-Sharon 


DOUBLE-MELTED TITANIUM AND TITANIUM ALLOYS 


LL Mallory-Sharon titanium is produced by “Method S” vacuum 

double melting, resulting in good machineability and forming charac- 
teristics. This process eliminates alloy segregation and enables carbon and 
gaseous contaminants to be held within very low limits. Likewise, Mallory- 
Sharon’s patented rolling method and other technical advances assure you 
of the highest quality and uniformity. 


Call us for the full range of titanium and titanium alloy mill products: rod, 
bar, sheet, strip, plate, etc. Our technical service group is equipped to give 
you the latest recommendations on forming, welding, and machining. For 
complete information write Mallory-Sharon Titanium Corporation, Dept. 
J-6, Niles, Ohio. 


TYPICAL MECHANICAL PROPERTIES 


Ultimate Tensile Yield Strength, Elongation 
Form Strength, psi psi % in 2” 
MST Grade Ill (Unalloyed). . Sheet, Bar 70,000 50,000 25 
(3 different strength levels). Sheet, Bar 85,000 65,000 23 
Sheet, Bor 100,000 80,000 20 


MST GAIl-4V Bor 149,000 137,000 13 
Bor 164,000 153,000 14 
ne Bor 198,000 180,000 9 
ae Sheet 155,000 135,000 12 
MAST SAI-SCr Bar 155,000 145,000 13 


Bor 150,000 140,000 14 


Mes Sheet 137,000 125,000 16 


* (1) 1500—'’%A—AC (3) 1700—'z —WQ, 900-2-AC 
(2) 1400—'z—WO, 1100-8-AC (4) 1450— 2—FC to 1100-AC 


MALLORY-SHARON 
TITANIUM CORPORATION 


NILES,OHIO 


| 
“ 
J 
4 — 


643. Furnaces, Heat Treating 

12-page bulletin on conveyor furnace, 
radiant tube gas heated, oil or electrically 
heated. Electric Furnace Co 


644. Globar Furnaces 
Bulletin 153 describes nine types of fur- 
nace using silicon carbide heating ele- 


ments for temperatures to 2600° F. Hevi 
Duty 


645. Gold Plating 


Folder on salts for bright gold plating. 
Equipment needed. Sel-Rex 


646. Graphite Electrodes 

Vest-pocket notebook containing 90 
pages of information on electric furnace 
electrodes and other carbon products. 
Great Lakes Carbon Corp. 


647. Grinding Magnesium 

Data on how to grind and polish mag- 
nesium alloys includes grinding wheel 
recommendations, procedures, dust col- 
lection and safety precautions. Norton 


648. Hardness Tester 

Bulletin on hardness tester for all regu- 
lar and superficial Rockwell tests. Kent 
Clif’ Div., Torsion Balance Co. 


649. Hardness Tester 


Literature on Brinell testing machines. 
Detroit Testing Machine Co. 


650. Hattiness Tester 

Bulletin on Impressor portable hardness 
tester for aluminum, aluminum alloys and 
soft metals. Barber-Colman 


651. Heat Resistant Alloy 

10-page article Or how to get best serv- 
ice out of standard grades of heat resist- 
ing alloys by proper selection. Rolled 
Alloys 


652. 


Folder on “Facts and oie on Heat 
Treating Costs.” Metal Treating Inst 


Heat Treatin 


653. Heat Treating 

Article on how to fixture efficiently for 
heat treating to increase furnace versa- 
tility and economy. Heat Treat Review, 
vol. 6, no. 1. Surface Combustion 


654. Heat Treating Ammonia 
24-page “Guide for Use of Anhydrous 

Ammonia” describes heat treating and 

other metallurgical uses. Nitrogen Div. 


655. Heat Treating Fixtures 
12-page bulletin on wire mesh baskets 
for heat treating and plating. Wiretex 


656. Heat Treating Fixtures 

Folder shows 21 examples of heat treat- 
ing fixtures, trays, baskets, retorts. Allied 
Metal Specialties 


657. Heat Treating Furnaces 

12-page booklet on heat treating fur- 
naces contains chronology of advances 
Holcroft 


658. Heat Treating Supplies 
Data sheets on carburizing, hardening, 

tempering, nitriding salts, metal mr ee | 

and rust prevention materials. Heatbath 


659. Heliare Welding 

Pocket-sized folder contains current 
ranges and sizes for electrodes with table 
on current and number of passes required 
to weld various metals. Linde 


660. High-Strength Steel 
48-page book on T-1 steel, its properties 

and applications. U.S. Steel 

661. Hi Temperature Alloy 


Property data for 21% Cr, 9% Ni heat- 
resistant alloy. Electro-Alloys Div. 


662. Induction Heaters 

New 12-page bulletin on low-frequency 
(60-cycle) induction heating furnace for 
nonferrous metals. Magnethermic 


663. Induction Heating 

Folder 15C8053A gives advantages of in- 
duction heating and specifications and 
dimensions of induction heater. Allis- 
Chalmers 


664. Induction Heating 

New 12-page bulletin gives descriptions, 
technical data on various sizes. Water 
systems —_ and standard accessory 
equipment, High Frequency Heating Div., 
Lindberg Engineering 


665. Induction Heating 

60-page catalog tells of reduced cost and 
increased speed of production on harden- 
ing. brazing, annealing, forging or melting 
jo Ohio Crankshaft 


666. Induction Heating 


Folders on electronic induction heating 


generators. Case histories. Induction 
tleating 
667. Induction Melting 


8-page article describes use of induc- 
tion melting in neporns technique for 
rotor-casting. Ajax Engineering 


668. Industrial Fans 


Catalogs on various kinds of industrial 
fans exhaust, multiblade, backward 
curve, for high temperatures. Garden City 
Fan 


669. Industrial Radiography 

Booklet gives recommendations on 
planning and construction of a betatron 
industrial radiograph laboratory. Allis- 
Chalmers Mfg 


Here are some of the many engineering 
improvements AGF Pioneers have mode 
so that you can produce more pounds 
of work for every dollar invested ji 
in an AGF furnace, Less main- 
tenance and operational 
cost then with ony 
other furnace. 


Automatic self-metering 

- feed hopper reduces work 
handling costs. 

® Better control of processing 
atmosphere ond temperature. 

* improved high production 
capacity combustion system, 
© Increased thermal efficiency becouse 
only the work enters and leaves the 
furnece. Baskets, troys, chains ond other 


treublesome mechanisms ore eliminated. 
* Alloy life is increased because the alley remains 
within the furnace heating chamber of all times. 


pounds per hour. 


Sizes in production capacities up te 800 
Representatives in principal cities. 


hy AMERICAN Gas Furnace Co. 
BOE LAFAYETTE STREET — ELIZABETH 4 


Use this continuous production furnace without modification 4 
for general and atmosphere work, including “‘Ni-Cerb”’ 
ammonia-gas carburizing. Gentle tumbling action mixes the 
work and assures uniform heat treating. 


Send me your Bulletin No. 870 which will help me produce a 
quality product at lowest cost. 
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Pioneers in heat treoting 
equipment for 77 yeors. Ack 
= 2 AGF metailurgical engineers te 
. = recommend proper equipment 
fer you at ne obligation 
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WHATEVER YOUR SPECIFIC PRODUCT REQUIREMENTS 


High strength-to-weight ratio 
Material, weight and space savings 
Resistance to corrosion and oxidation 
Ability to assume virtually any design shape without loss 
of structural advantages 
@ Improved product appearance 


you'll find the right B&W tubing for the job 


CHOOSE FROM A COMPLETE RANGE 


TYPES—Seamless tubes—hot-finished, cold-drawn, or roto-rocked 
Welded tubes—from hot-rolled or cold-rolled strip 
GRADES—Stainless steels—B&W Croloys 12 to 27 
Intermediate chrome molybdenum alloys—B&W Croloys !/, to 9 
SAE-AISI alloys and nitralloy steels 
Nickel steels—B&W Nicloys 3'/, 5 and 9 
Carbon molybdenum steels—in various grades 
Carbon steels—in various grades 


$izes—Up to 954 inches outside diameter in a wide range of wall 
thicknesses 


SURFACE FINISHES—As rolled, as drawn, as welded, flash removed, 
turned, scale-free and polished 

SPECIFICATIONS-Made to any of the standard specifications such 
as those of the ASTM and U, S. Government 

QUALITY—Open-hearth and electric-furnace steels, including air- 
craft and magnaflux qualities 

CONDITION—Unannealed, annealed, tempered, normalized, or 
otherwise heat-treated as required 

SHAPES—Round, square, rectangular, or special shapes 

FABRICATION—Upsetting, swaging, expanding, bending, safe-end- 
ing and machining 


AUTO 


MOTIVE 


FURNITURE 


THE BABCOCK & WILCOX COMPANY 


TUBULAR PRODUCTS DIVISION 


Beaver Falls, Po. and Milwaukee, Wis.: Seamless Tubing, 


Welded Stainiess Stee! T 
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Alliance, Ohie: Weided Carbon Steal Tubing 
Milwovkee, Wis.: Seamless Welding Fittings TA-5020(M) 
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670. Instruments 

34-page book describes 37 in 
for electrical, physical, resista 
ing, ultrasonic and other meas 
Brush Electronics 


671. Joining Stainless 
24-page booklet on various 

methods, soldering, brazing, flar 

and arc cutting of stainless. Cru: 


672. Laboratory Suppl 

Instruments and apparatus f< 
research, development laborato 
shaw Scientific 


673. Leaded Steel 
8-page booklet on productio 

treated steels, their advantages 

histories of their use. Coppert 


674. Leaded Steel 

8-page bulletin gives chemic 
sition, mechanical properties 
studies showing machining } 
rates of Ledloy, lead bearing st 
son 


675. Leak Detector 

16-page bulletin on leak de 
location and measurement of 
evacuated or pressure systems 
dated Vacuum Corp 


676. Light Metal Casti) 

Bulletin “Creative Castings” « 
castings of aluminum — | m 
Thompson Products, Light Meti 


677. Lubricant 
Literature on anti-seize md 
disulfide lubricant. Bel-Ray 


678. Lubricant 


Bulletin 104 on microsize ¢ 
molybdenum disulphide lubricé 


679. Magnesium 
42-page booklet on wrought 

magnesium. Includes 31 tabl 

Metal Rolling & Stamping 


680. Magnesium Alloy: 

Loose-leaf folder of data and 
chemical specifications, propert! 
sion, machining operations. 
Perkins 


681. Melting Furnace 
Bulletin gives specifications, 
rformance and other technici 
implex melting furnaces. Lind! 

neering 


682. Melting Guide 

Selector guide for heating, + 
and control for solder, tin and 
ing. General Electric Co. 


Take surface temperatures 


quickly, accurately... 


Alnor Pyrocon is un- 
equaled for quick, accurate read- 
ing of all surface temperatures 
whether they are metallic 
or non-metallic, flat or curved, 
stationary or revolving. Accu- 
rate temperatures are easily un- 
derstood on the Pyrocon's direct 
reading scale face . . . without 
interpolation or need of con- 
version tables. A wide selec- 
tion of thermocouples and ex- 
tension arms permits adapta- 
tion to many types of service. 
For complete details and prices, 
send for Bulletin No. 4257. Iili- 
nois Testing Laboratories Inc., 
Room 523, 420N. LaSalle Street, 
Chicago 10, Ill. 
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(Continued from p. 31) 


670. Instruments 

34-page book describes 37 instruments 
for electrical, physical, resistance-weld- 
ing, ultrasonic and other measurements. 
Brush Electronics 


671. Joining Stainless 

24-page booklet on various welding 
methods, soldering, brazing, flame cutti 
and arc cutting of stainless. Crucible Stee 


672. Laboratory Supplies 

Instruments and apparatus for control, 
research, development laboratories. Har- 
shaw Scientific 


673. Leaded Steel 

8-page booklet on production of lead 
Pn steels, their advantages and case 
histories of their use. Copperweld Steel 


674. Leaded Steel 

8-page bulletin gives chemical compo- 
sition, mechanical properties and case 
studies showing machining production 
rates of Ledloy, lead bearing steel. Ryer- 
son 


675. Leak Detector 

16-page bulletin on leak detector for 
location and measurement of leaks in 
evacuated or pressure systems. Consoli- 
dated Vacuum Corp. 


676. Light Metal Castings 
Bulletin “Creative Castings” on making 

castings of aluminum and magnesium. 

Thompson Products, Light Metals Div. 


677. Lubricant 
Literature on anti-seize molybdenum 
disulfide lubricant. Bel-Ray 


678. Lubricant 


Bulletin 104 on microsize powder of 
molybdenum disulphide lubricant. Alpha 


679. Magnesium 

42-page booklet on wrought forms of 
magnesium. Includes 31 tables. White 
Metal Rolling & Stamping 


680. Magnesium Alloys 

Loose-leaf folder of data and tables on 
chemical specifications, properties, extru- 
sion, machining operations. Brooks and 
Perkins 


681. Melting Furnace 
Bulletin gives specifications, diagrams, 
rformance and other technical data on 
implex melting furnaces. Lindberg Engi- 
neering 


‘682. Melting Guide 


683. Metal Powders 

168-page catalog. B-44, on bronze and 
ferrous alloys. Design data, load capac- 
ities, properties, assembly 
Amplex Div. 


68A. Microscopes 


Catalog on meta -¢ - and several 
models of microscopes. United Scientific 


685. Nickel Alloys 

40-page book gives corrosion, physica} 
and mechanical properties of Hastelloy 
alloys; 13 pages of fabrication data. 
Haynes Stellite 


686. Nickel Alloys 

Wall chart gives engineering properties 
of nickel alloy wire, rod and strip. In- 
cludes Monel, Sacenal, Incoloy and nickel- 
clad copper. Alloy Metal Wire Co. 


687. Nondestructive Testing 


8-page bulletin on pepsoavent for non- 
destructive testing of bars, rods, tubing. 
Magnetic Analysis 


688. Nonferrous Wire 


Folder gives wire gage and footage chart 
and data. Little Falls Alloys 


689. Oil Quenching 

8-page brochure tells in detail how car- 
bon steel often can replace alloy steel 
when additive is used in the quenching 
oil, Aldridge Industrial Oils 


690. Pickling Baskets 

12-page bulletin on mechanical picklers, 
crates, baskets, chain and accessories. 
Youngstown Welding & Eng’g 


691. Pickling Baskets 
Data on baskets for degreasing, pick- 
ling, anodizing and plating. Jelliff 


692. Plating Solutions 
Operating manuals for plating with 
metal fluoborate solutions. Baker 
Adamson See page A-111. 


693. Plating Solutions 
Bulletin 12 on electric heating of pick- 
ling and plating solutions. Pyrosil 


694. Polishing Materials 


20-page booklet includes samples of 
emery, aluminum oxide and silicon car- 
bide papers and 12 polishing cloths. 
Buehler, Ltd. 


695. Precision Casting 
8-page bulletin on investment castings 


of various ferrous and nonferrous alloys. 
Engineered Precision Casting 


mocouple alloys, temperature-millivolt 
relationship curves, temperature conver- 
sion table. Illinois Testing Laboratories 


697. Quench Agitation 
Information on mixers and agitators, 
including units applicable to industrial 

quenching equipment. Mixing Equipment 


698. Radiography 
28-page booklet on products for indus- 
trial radi exposure and 
processing data. ‘ont 


699. Radiography 

Bulletins JR and AR on one and two 
million volt X-ray generator. High Volt- 
age Engineering Corp. 


700. Rare Earths 
8-page Progress Report Number 1, “Rare 
Earths in Iron and Steel Melting”. Molyb- 


denum Corp. 


701. Recirculating Furnace 

Bulletin on continuous-type recirculat- 
ing furnace shows design of furnace, 
its operation and advantages. Industrial 
Heating Equipment Co. 


702. Refractory 

Bulletin No. 507 on high temperature 
silica cement for bonding silica and super- 
duty silica refractories. Chas. Taylor Sons 


703. Roll Formed Shapes 

24-page Bulletin 1053 on designing, 
forming and producing metal shapes. Roll 
Formed Products Co. 


704. Roll Forming 
Bulletin 854 on roll forming of cold 
rolled shapes. American Roller Die Corp. 


705. Rust Preventives 
12-page bulletin on water-soluble rust- 
preventive. Production Specialties 


706. Salt Bath Furnaces 


Data on salt bath furnaces for batch 
and conveyorized work. Upton 


707. Salt Baths 


Data on electric and gas salt bath fur- 
naces. Bellis 


708. Sand Control 

32-page book on defects and troubles 
in foundry and how to remedy through 
sand control. Claud S. Gordon Co. 


709. Selective Carburizer 

Bulletin on “No-Carb” for selective 
carburizing and prevention of decarbu- 
rizing on high alloy steels during heating 
for hardening. Park Chemical 


: SIZ Selector guide for heating, equipment 696. Pyrometer Accessories 710. Seonie Thickness Tester 
Re and control for solder, tin and lead melt- Bulletin 4181 on specifications and per- Measurement of wall thickness from 
as su ing. General Electric Co. formance data for thermocouples. er- one side by sonic method. Branson 
SP 
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Here are ¢ Holcroft booklets 


you should have in your files... 


if you have anything at all to do with heat treating—if you 
are interested in stepping up production and cutting costs— 
if you want up-to-date information at your finger tips—here 
are four ene wich you should have. 


ER 


). Blazing The Heat Treat 
Trail With Holcroft 


Here's a book which compares 
open-fired with controlled atmosphere 
furnaces. The eight different types of 
stock handling methods are analyzed 
and illustrated. 


a 


2 @ Holcroft And The Electric 
Furnace 


This booklet discusses heat treat- 
ing with electricity. Line drawings 
show how the four standard types of 
heating elements are used in the 
many different kinds of furnaces. 


3. Radiant Tube Heating 


Holcroft has produced a techni- 
cal treatise covering radiant tube 
heating for controlled atmosphere 
furnaces. It covers early history and 
the development of this type of fur- 
nace to every day use. 


G. Leaders In Industrial 
Furnace Engineering 


This book recaps current Holcroft 
ads. It discusses gas carburizing, car- 
bon restoration, malleable annealing 
and carbo-nitriding. 


that, there is plenty of technical, off-the-cuff information that you should 
hove. Write for your copy of any or all of these books—today! Holcroft — 


& Company, 6545 Epworth Bivd., Detroit 10, Michigan. 


Yes, there is a liberal dose of Holcroft “sell” in these books. But, sett 


PRODUCTION HEAT TREAT FURNACES FOR EVERY PURPOSE 


CHICAGO, ILL. 


HOUSTON, TEXAS 


CLEVELAND, OHIO 
LOS ANGELES, CALIF. PHILADELPHIA, PA. 


DARIEN, CONN, 


CANADA: Walker Metal Products, Ltd. Windsor, Ontario 
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711. Specifications Index 

24-page cross index lists copper alloy 
specifications of nine different Govern- 
ment agencies. American Brass 


712. Spectrometer 
Bulletin DR on the Atomcounter, direct 
reading spectrometer. Jarrell Ash 


713. Spring Steels 

Spring steel catalog offers 785 sizes of 
hardened and tempered spring steels, and 
rolled and annealed. Sandvik 
Stee 


714. Stainless Castings 

20-page booklet shows how they are 
made, property and size data, typical ap- 
plications. Crucible Steel 


715. Stainless Castings 

8-page bulletin gives recommendation 
charts for type of stainless to use in 
various corrosive solutions, under various 
conditions. Waukesha Foundry 


716. Stainless Fastenings 
20-page catalog of stainless steel cap 
acrews, nuts, washers, machine screws, 
sheet metal screws, set screws, pipe fit- 
tings and specialties. Star Stainless Screw 


717. Stainless Pipe 
Bulletin TB-356 gives methods of bend- 
ing and joining stainless pipe. Dimensions 
and weights of various types. Babcock & 
ileor 


718. Stainless Steel 

Slide chart. Set top at a certain fabri- 
cating operation, bottom shows rating of 
each standard grade. On reverse side, heat 
treating and corrosion data. Carpenter 


719. Stainless Steel 


16-page “Type 430 Stainless for Archi- 
tects & Designers”. Washington Steel 


720. Stainless Steel 

36-page Design Handbook gives prop- 
erties, specifications, applications, design 
data on springs. Alloy Metal Wire 


721. Stamping 


New 12-page catalog on stamping, draw- 
ing, forming and heading. Plume & At- 
wood Mfg. 


722. Steel 

16-page booklet on special steels for in- 
dustry includes stainless, electrical, sil- 
icon, and tool steels, magnetic —_— 
carbide metals. Allegheny Ludlum Stee 


723. Steel 52100 

New stock list on 52100 tubing, bars and 
ring forgings. Peterson Steels 
724. Steel Terms 

32-page dictionary of terms used in the 


steel industry. 180 definitions. 
diagrams, tables, figures. LaSalle Steel 
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725. Steel Treating 

Bulletin on flame hardening, induction 
hardening, carbonitriding, nitriding, liquid 
carburizing. Lakeside Steel Improvement 


726. Steel Tubing 

48-page Handbook F-3 on fabricating 
and forging steel tubing. Bending, shap- 
ing. cutting and joining operations de- 
scribed. Ohio Seamless Tube 


727. Stress-Strain Recorders 
New 28-page bulletin No. 4215 on 16 
standard recorders and 50 models of strain 
followers, for use on standard testing 
machines. Baldwin-Lima-Hamilton 


728. Sub-Zero Equipment 

New 12-page catalog of chilling ma- 
chines and temperature testing units. 
Cincinnati Sub-Zero Products 


729. Sulphur Determination 
Literature on 3-min. determinator for 
use with combustion furnace. Dietert 


730. Surface Pyrometer 

Bulletin 168 on instrument for quick, 
accurate readings of surface tempera- 
tures. Pyrometer Instrument 


731. Surface Temperature 

Bulletin No. 4257 on Pyrocon, surface 
temperature instrument. Illinois Testing 
Laboratories 


732. Tempilstiks 
“Basic Guide to Ferrous Metallurgy,” a 
lastic laminated wall chart in color. 
laud S. Gordon 


733. Testing Equipment 
80-page illustrated catalog lists over 130 

testing and measuring tools for laboratory 

and production-line use. General Electric 


734. Testing Machines 


28-page catalog on screw power uni- 
versal testing machines and_ accessories. 
Construction, specifications. Riehle 


735. Textured Metal 
16-page booklet on qerenioge and ap- 
of textured metal. Rigidized 
etals 


736. Textured Steel 
New booklet on surface rolled patterns 
in steel. Sharon Steel Corp. 


737. Tin 


20-page booklet describes mining of tin 
and its present use by American industry. 
Malayan Tin Bureau 


738. Titanium Alloy 


Data on ternary alloy with 3% alu- 
minum and 5% chromium gives physical 
properties, forging temperatures, high 
temperature characteristics. Mallory- 
Sharon Titanium 


739. Tool and Die Steels 

26-page book on six oil and air harden- 
ing steels for high-production tools and 
dies. Many uses illustrated. Bethlehem 
Steel 


740. Tool and Die Steels 
28-page guide to qualities and sizes 
available. Uddeholm 


741. Tool Steel 

36-page booklet on properties and ap- 
plications of high speed steels, nonferrous 
cutting materials and carbides. Allegheny 
Ludlum 


742. Tools 
New 64-page catalog of rotary burrs, 
grinding points, saws, testers and other 


metalworking equipment. Martindale 
Electric 
743. Tubing 


52-page “Handbook of Seamless Stee! 
Tubing’. 26 pages of data. Timken 


744. Tubin 

Bulletin TB-357 on seamless or welded 
pressure tubing and pipe for subzero 
service. Babcock & Wilcox 


745. Ultrasonic Cleaning 

Folder on principles and methods of 
metal wy by application of ultra- 
sonic energy. Detrer 


746. Vacuum Melting 

Bulletin on production and testing 
equipment for vacuum melting. Ad- 
vantage. Utica Metals Div., Utica Drop 
Forge & Tool 


747. Vacuum Metallizin 

Reprint “High Vacuum Metal ~ of 
Metals and Plastics”. Consolidated Vac- 
uum Corp. 


748. Vacuum Pumps 
Bulletin 400 on mechanical booster high 
vacuum pumps. Kinney Mfg. Div. 
749. Vanadium in Steel 
189-page book on properties of ferrous 


alloys containing vanadium and their ap- 
plications. Vanadium Corp. 


750. Welding 
New 52-page catalog on gases, welding 
and cutting equipment. Air Reduction 


751. Welding Equipment 


Catalog on Cadweld process and arc- 
welding accessories. Erico Products 


752. Welding Rods 

New bulletin on processing of welding 
rod materials, master alloys and other 
specialized products. Shieldalloy 


753. | Supptics 


Bulletin on X-ray films and chemicals 
for radiography. Ansco 
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Qne Call 


‘Does I It All 


A call to MD brings you direct to Metal Powder Headquarters 
and closer to the answer to your Powder Metallurgy problem. 


For, as a pioneer in the manufacture of metal powders since 
1916, MD has played a large role in the development of many 
of their uses in industry today as the only company which manu- 
factures a complete line of metal powders. This has resulted in 
MD being the first source called on to supply an extensive line of 
powders for a wide range of applications. 


Call on “Metal Powder Headquarters” for help on your metal 
powder problems. The advice and recommendations of the MD 
Sales Service Department are yours without obligation. 


METALS DISINTEGRATING COMPANY, INC. 
Elizabeth New Jersey 


METAL POWDERS 
METAL PIGMENTS 
METAL ABRASIVES 


SUBSIDIARY OF AMERICAN- MARIETTA COMPANY 
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One Source 


For All Types of 
Metal Powders 
Offers 


Real Advantage 


Metal Powder Headquarters provides 
quick means of obtaining answers 
to right powders to use 


Regardless of the kind or type of 
Metal Powder required, a single call to 
MD (Metal Powder Headquarters) 
brings an answer to a Powder Metal- 
lurgy problem and the correct type of 
Metal Powder to meet that particular 
requirement. 

1D has pioneered many of the major 
developments in Powder Metallurgy 
and is prepared to manufacture for you 
the following metal powders, in various 
mesh sizes. They will be glad to discuss 
with you the processing of “‘special”’ 
powders mooted | for your requirements. 

Aluminum Powder 

Brass Powder 

Bronze Powder 

Cadmium Powder 

Copper Powder 

Iron Powder 

Lead Powder 

Nickel Powder 

Phosphor Powder 

Silver Solder Powder 

Solder Powder 

Special Alloy Powder 

in Powder 

Titanium Powder 

Zinc Powder 

Antimony, Bismuth, Chromium, 

Magnesium, Manganese and 

Silicon Powders 


This one-stop service and availability 
is yours by reason of the experience 
gained by MD through years of re- 
search and development. Today, MD 
is the only metal powder manufacturer 
making a complete line of Metal 
Powders. 


MD Metal Pigments Widely Used 
MD also manufactures Aluminum 
Pastes and Powders and Gold Bronze 
Powders for a wide range of uses such 
as product finishing both metal and 
plastics, metallic inks, etc. The decora- 
tion of many parts can be greatly en- 
hanced with the use of such Metal 
Pigments. Aluminum pigmented paints 
are recognized for their outstanding 
protective qualities and can be used for 
priming as well as finish coats. 


MD Oldest Shot and Grit 


Manufacturer 


The Harrison Abrasive Division of 
MD is the pioneer manufacturer of 
Shot and Grit in this country. Harrison 
“Chilled” Shot and Harrison Diamond 
Grit are widely used in the metal trades 
for cleaning of castings, forgings and 
many metal parts. The new Harrison 
L/D C ut-Wire Shot meets the require- 
ments for cleaning and peening of 
metal parts. 

Numerous Technical Bulletins are 
available on request. 
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Plants: 
Elizabeth, W. J.; Manchester, H.; 

Berkeley, Colif.; Emeryville, Colif. 


1 
FOR A BETTER DESIGN... 
Use Wire, Rod, & Strip 


FOR BETTER PRODUCT 
PERFORMANCE ... Use Alloys 


Among the alloys we fabricate, you will surely 
find one with just the right combination of 

' properties for your specific application. And 

-you can profit from the fabrication advantages 
and material cost and weight savings of wire, 
rod and strip parts and assemblies. Select 
the alloy you need from these three functional 
groups: 


Alloy Wire, 


more then 20 different grades of stainiess 

These inciude the chromium-nickel 

Rod an d Austenitic grades with their outstanding cor- 
rosion resistance and good mechanical proper: 

ties; the high chromiumy Ferritic grades with 

their high heat resistance, corrosion resistance, 

tri p *ee and Outstanding cold working properties; and 

the lower chromium Martensitic grades which 


can be treated to obtain exceptionally 
high strength and hardness in addition to 


Design En . rs are taking advan- good resistance to corrosion and high tem- 


peratures. Stainiess steei Wire, Rod and Strip 


tage of the outstanding mechanical | and 
lent formability of Alloy Wire, Rod peo wire parts, and many other ap- 


and Strip. Results: Better products, | NICKEL ALLOYS ~ 
smaller and lighter products, prod- yarlety of Wickel alloys are avail 


gle for hundreds of electrical and mechanical 
ucts that are more corrosion-resistant, | The chavs 


for electronic tube parts, such as grids, ceth- 
—and more economical. odes, support rods end pins. Monel, because 


Alloy Metal Wire Division can | Re excellent corrosion resistence end goed 


mechanical prepertios, is also used for many 
supply you with high quality wire, the ion 
rod and strip in Stainless Steels, of outstanding heat resistance, corrosion re 
Nickel Alloys and Electrical Resist: | 


ance Alloys. Why not put these ver RESISTANCE ALLOYS ~ ! 

satile materials to work for you? of are 
now in production in wire, rod and strip form. 

These are: Airay A—20 Cr, Alray Cr, 

G2Ni, bel Fe; Alray 0-18 Cr, bel Fa; 

Exceisior—45 Wi, 55 Gu; and Ni-Fe alloys 
These high quality ailoys find extensive ap- 
SEND plications in the electrical and electronic 


fields. 
FOR FREE 
SPECIAL WIRE SHAPES — 
HANDBOOKS You can cut costs and improve product per- 


formance with Alloy Metal's Special Shaped 

TODAY Wire. Aimost any cross-sectional shape can 
be made on our wire drawing equipment These 

shapes can save you tons 0. metal and many 


D-2—Nickel Alloys hours of machining time. Shaped wire can be 
held to close tolerances and hes « smooth, 
D-3—Stainless Steels tough, flew-tree surface. 


ALLOY METAL WIRE DIVISION 


H. K. PORTER COMPANY, INC. 
of Pittsburgh 


ee PROSPECT PARK, PENNSYLVANIA 
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GREATER LATITUDE 


TURBINE BLADES 

Forged by Ladish in Ti- 
tenium and Stainless 
Steel Alloys to with- 
stand tremendous pres- 
sures and temperatures 
without deformation. 


LANDING GEAR 


TO MARK PROGRESS a4 


RG CUDAHY, (Milwaukee Suburb) WISCONSIN 


DROP FORGINGS UP TO 10,000 POUNDS, 
WELDED AND SEAMLESS ROLLED RINGS UP TO 60,000 POUNDS 


| 
Aid 


Ladish pioneering in tremendous closed-impression-die forgings offers engineers 
new freedom in extending the inherent advantages of the drop forging process to 
intricately shaped parts weighing as much as 10,000 pounds. Drop Forging close-to- 
finish dimensions materially reduce metal and machining costs ... while improvement 
in dynamic strength and toughness makes possible substantial reductions in dead 
weight ...and higher factors of safety. 


A discussion of your products with a Ladish forging engineer will provide spe- 
cific data on the ultimate economy and improvement in design you can impart to 
your own products by specifying forgings . . . Ladish Controlled Quality forgings. 


\ DIESEL CRANKSHAFT 


EXTRUDED LANDING GEAR 
Developed by Ledish os on extruded 
forging to seve valvable metal and 
machining time, this 44-inch long 
strut has an extruded hele 36 inches 
long, and @ forged wall thickness 
of 1% inches. 


“= Ledish versatility in heavy drop 
forgings. Precise control of 
grain flow improves resistance 
te dynamic bending and torsion 
loads. 


TITANIUM PROPELLER BLADE 

Again Ladish pioneers with the largest known 
Titanium forging produced in clesed-impression 
dies. 40% saving in weight realized by forging 
this 100-inch blade in “wonder metal” Titanium. 


WIND TUNNEL BLADE 

2550 pound stainless steel drop forging 
measures 70 inches in length. Used in 
a wind tunnel to simulate flight speeds 
for jet aircraft. 


LADISH FORGING ENGINEERS AVAILABLE FOR CONSULTATION 
ON USE OF FORGINGS TO IMPROVE PRODUCT DESIGN. 


LADISH CO We're interested... have Ladish Forging Engineer call 
Cudahy, Wisconsin to discuss application of forgings in our products 


Name Title 


Ow Products 


| engine | 
cranksheft with 7-inch diameter 
‘ journcls and weighing 1772 
| 
{ 
4 
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Could You Use 


Production Increase? 


A 200% Increase? Sounds incredible, but actually many 
users of Allis-Chalmers induction heaters report much 
greater production boosts in their brazing, soldering, hard- 
ening, annealing, and heating for forging operations. 

Increased production is only one of the many profit-build- 
ing benefits derived from processing with Allis-Chalmers 
induction heaters. Better product quality, greater uniform- 
ity, fewer rejects and less material waste are all part of the 
remarkable efficiency and economy made possible by this 
modern equipment. 

The Allis-Chalmers induction heater can do your job 
better, faster and at less cost than your present method. 
Read what it has accomplished in processes similar to yours: 


SOLDERING 


In this operation an Allis- 
Chalmers induction heater soft 
solders oil-gauges at the rate 
of one every two seconds. User 
reports a production increase 
of 200% and lower costs. 


ANNEALING 


Twenty-four hundred brake arms 
are annealed every hour on this 
Allis-Chalmers induction heater. 
Set-up is automatic, operator 
merely loads fixture and induc- 
tion heater does entire job. 


BRAZING 


This job is one of brazing 
shrouds to blade tips in a turbo- 
jet assembly. By switching from 
hand brazing methods to Allis- 
Chalmers induction heating, 
brazing time was cut in half. 


Ask for Induction Heating Information Packet 


ALLIS- 
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High Production 

Fast Heating 

Low Heat Loss 
Minimum of Rejects 
Positive Control 

Low Maintenance 
High Quality Product 
Easy Cleaning 


HARDENING 


Here trimmer blades are being 
hardened at the rate of 2250 
per hour with an Allis-Chalmers 
induction heater (old rate 400). 
Manufacturer cut costs harden- 
ing 14 totally different parts. 


= 


NEW 25Kw Unit Aijir Conditioned 


Air taken in through filter to cool components maintains an internal 
pressure higher than atmospheric pressure. Contamination of me- 
chanical and electrical parts is prevented by outward seepage of air; 
maintenance and cleaning are reduced. 


No Extras Needed 


Output circuit developed by 
Allis-Chalmers eliminates need 
for extra output transformers or 
capacitors. Changing from one 
type of job to another is merely 
@ matter of changing work coil. 


For complete information on 
units to fit any application re- 
quirement, contact your A-C 
district office or write Allis- 
Chalmers, Milwaukee 1, Wis. 
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These are two of the three Lindberg gas-fired radiant tube carburizing and carbonitriding furnaces 


Lindberg radiant tube is easy to recently installed by an internationally known maker of farm machinery. With these furnaces 75% 
change. Just turn off furnace, lift of parts are carbonitrided and 25% carburized. In addition, some bright annealing is done and 
old tube out and put in new tube. the versatile Lindberg units can easily be converted for other heat treating applications. 


Lindberg Vertical Radiant Tube Great 
Advance in Heat Treating Furnaces 


When metal needs heat, Lindberg furnaces with the new Lindberg light- 
weight vertical radiant tube offer a better way to apply it. Industry the 
world over is finding that Lindberg furnaces with this new vertical tube pro- 
vide a versatility no other type of furnace can give. Carbonitriding, carbu- 
rizing, carbon restoration, bright hardening or annealing and normalizing 
are all possible with only minor adjustments. 

Here are some other exclusive advantages. Lindberg furnaces include a 
built-in pitless quench tank. Uniform case depth is assured because each 
charge automatically remains at heat the same length of time. A built-in 
purge chamber receives work loads for purging prior to heating. 

Whatever type of furnace fits your production needs, from gigantic con- 
tinuous pusher-type to the small manual batch-type furnace, Lindberg en- 
gineers can develop exactly the right equipment for you. 


This three-row pusher Carburizer, with vertical 
radiant tubes between each row, was built for a 
large automobile manufacturer. 
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LINDBERG RADIANT TUBES 


Revolutionary new development 


The development by Lindberg of the lightweight, 
easily-changeable vertical radiant tube (patent pend- 
ing) is one of the most significant improvements 
ever made in industrial furnace design. It eliminates 
the bulk and bend problems of the old-fashioned 
horizontal tube and the uneven heat patterns in- 
herent in earlier vertical tubes. The secret lies in the 
new Lindberg tube’s “dimples. Here's how they 
work—in the radiant tube a central stream of mixed 
air-and-gas is surrounded by a cylindrical stream of 
air alone and combustion occurs in the area between 
these two streams. The “dimples” create eddies in 
the streams accelerating combustion and maintain- 
ing even temperatures along the entire length of the 
tube. If you aren't fully familiar with this revolu- 
Here you can see the unique “dimpled” design of the new tionary development ask us, or your nearest Lind- 


Lindberg vertical radiant tube. Installation is a Lindberg con- berg Field Engineer about it. 
tinuous pusher-type gas-fired carbonitriding furnace. 


This newly-designed Lindberg Hyengenera- Here is the new Lindberg Carbotrol unit For the final step in heat treating, the fa- 
tor is used with Lindberg radiant tube fur- which automatically controls the carbon po- mous Lindberg cyclone tempering furnace, 
naces to supply the most exacting atmos- _ tential of furnace atmospheres provided by _for 20 years the standard of furnace per- 
pheres needed for any heat treatment. the Lindberg Hyen generator. formance. Pit or box type available 


Lindberg manufactures many kinds 
of equipment in the industrial 
heating and related fields. A few 
of these are symbolized here. If 

Rotary Hearth 
you are interested in any of these nace 
please write us for the specifics on 
them, or get in touch with your near- 
est Lindberg Field Engineer. (See 


your classified telephone book.) 
ENGINEERING COMPANY 


Les Angeles Plant: 11937 South Regentview Avenve, at Downey, California © Associate Companies: Lindberg industrial Corporation, 
Chicago . EFCO-Lindberg, Lid., Montreal, Cancda . Lindberg Italiana, Milan, Italy . The Electric Furnace Company, 
Weybridge, Surrey, England © Etablissements Jean Aubé, Paris, France © Lindberg Industrie Ofenbev, Gross Avheim, Germany 


Conveyor Braring Cont nvous 


Furnace Tunnel Kila 


Borlype Cyclone 
Tempering furnace 


Large Production 
Bos furnace 


“ 
Laberstory 
Induction Unit 
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MODERN HEAT PROCESSING 


‘ 


To SPEED OUTPUT of steel strip, G-E engineers co-ordinated continuous cleaning and annealing tinplate line. This system 
this huge G-E electric furnace with the drive system for a approach helped operators get 30-tons-per-hour production. 


TO CUT ANNEALING TIME by 75 per cent for a large producer G-E ENGINEERS E. W. Cunnin 
of malleable iron castings, G-E engineers “packaged” a com- Industrial Heating, and H. M. Webber, heating application 
plete annealing system— including furnaces, power equipment, engineer, check an assembly part to be processed in a new j 


and auxiliaries. Operating costs were reduced by 50 per cent. copper-brazing furnace being installed in an automotive plant. 5 


“se |... aa 


vs 


TO SAVE PROCESSING TIME in manufacture of textile- 
shrinking machinery, G-E engineers used Calrod* heat- 
ers for easier installation, better temperature control. 

*Reg trade-mark of General Electrix Compony 


TO PROMOTE PRODUCT QUALITY, G-E engineers 
specify furnaces with a protective atmosphere. 


TO IMPROVE WORKING CONDITIONS, G-E engincers used induction 
heat to treat these axle housings, reducing radiation 


shorten your processing cycles 


Electric heat is another example of how G-E 
system engineering helps you cut production costs 


Electric heat in many forms from 5-story continuous 
furnaces to tiny heating devices—is one of the many 
tools used by General Electric application engineers to 
help you solve production problems. In almost every 
industry using annealing, galvanizing, enameling or 
brazing, G-E engineers have applied electric heat to 
eliminate processing steps, cut production costs. 

G-E engineers have co-ordinated electric furnaces into 
steel-mill drive systems to anneal strip continuously 


at 1000 feet per minute. In metal-working plants, they 
have applied induction heaters to improve product 
quality—often cutting processing costs up to 80 per 
cent. And they have helped hundreds of machinery 
manufacturers build a variety of heating devices into 
equipment for greater reliability, faster operation. 

You can put this engineering skill to work for you by 
specifying “G.E.”’ when you buy electrical systems. 
G-E application engineers will draw on this engineering 
leadership in working closely with you and your con 
sultants. Contact your local G-E Apparatus Sales 
Office early in the planning stage. General Electric Co., 
Schenectady 5, N. Y. ona 


Progress /s Our Most Important Product 


GENERAL ELECTRIC 


ew USS “T-1” Sreet is unique, not in any single 
property, but in the versatile combination of prop- 
erties that it brings to your products. 

You can get other steel as strong as “T-1.” You can 
get steel as tough as “T-1.” You can get steel that is 
as easy to fabricate, as resistant to abrasion. But no- 
where, in any material, can you get the combination 


990 
The advantages of USS Ay STEEL 


of strength, toughness, weldability, and abrasion re- 
sistance that you get in “T-1” Steel. This combination 
ideally suits ““T-1” to many heavy-duty applications. 
You can use it to improve performance, lengthen serv- 
ice, and reduce the cost of equipment such as pressure 
vessels, mining and excavating machinery, truck 
frames, bridges, towers, and rotating machinery. 


Great strength. “T-1” brings you a minimum yield 
strength of 90,000 psi., a minimum tensile strength of 
105,000 psi., combined with ease of fabrication. It has 
excellent creep rupture strength up to 900°F. Use this 
strength to increase the dependability or reduce the size 
of heavy-duty parts. Although “T-1” is a quenched and 
tempered steel, welding and flame-cutting do not affect 
its strength levels. And properly made welds develop the 
full strength of the parent metal. 


Unmatched toughness. “T-1” Steel has demonstrated in 
actual field tests that it can withstand impacts as high as 


AVAILABILITY 


2,000,000 ft. Ibs. at temperatures as low as 38° below zero 
F. Use it to increase the durability, and cut maintenance 
and repair costs of equipment that must operate outdoors 
in the coldest winter weather. 


Ease of fabrication. You will find that you can build some 
types of big, heavy-duty equipment at less cost with “T-1” 
Steel because you can fabricate it either in the shop or 
field. ‘““T-1” doesn’t require pre- or post-heating when it is 
flame-cut or welded; so that you can fabricate anywhere 
that is most convenient and economical, regardless of the 
availability of heat-treating equipment. 
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USS “T-1” Steel is produced pri- 
marily as quenched and tempered 
plates. It is also available in bar or 
semi-finished forms, forgings, and 
some structural shapes. When fur- 
nished in the hot-rolled or normal- 
ized condition, for subsequent hot 
working such as forging, the end 
product must be quenched and tem- 

red by the customer to develop 
ull mechanical properties. 


USS “T-1” Steel, because of its 
versatility, serves many markets and 
customers. This enables United 
States Steel to combine orders, to 
reduce problems involving quantity, 
to minimize the number of grades, 
and to provide superior quality and 
service on USS “T-1” plates. This 
improved availability is important 
today to all alloy plate consumers. 
It ensures a minimum capital invest- 


UNITED STATES STEEL CORPORATION, PITTSBURGH + COLUMBIA-GENEVA STEEL DIVISION, SAN FRANCISCO + TENNESSEE COAL & IRON DIVISION, FAIRFIELD, ALA. 


ment, reduces expensive inventories, 
and speeds ordering and delivery. 
These factors alone can make USS 
“T-1” Steel the lowest cost alloy 
plate steel in the long run. 

USS “T-1” steel plate is normally 
supplied in thicknesses from 1” to 
6”, in a wide range of widths and 
lengths. For some applications, it 
can also be furnished in lighter 


” 


gauges—as low as 


UNITED STATES STEEL SUPPLY DIVISION, WAREHOUSE DISTRIBUTORS + UNITED STATES STEEL EXPORT COMPANY, NEW YORK 
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CONSTRUCTIONAL ALLOY STEEL 
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1. Use a low hydrogen coated electrode. When such 
electrodes are used, welding may be performed with- 
out preheating with no hazard of underbead cracking. 
If cellulose coated electrodes are used, they will prob- 
ably cause underbead cracking unless preheating is 
employed. 


2. Use AWS 12015 electrodes if 100% joint efficiency 
is necessary and if stress relieving is not going to be 
done. If stress relieving is necessary, the AWS 12015 
rod must not be used because the weld metal de- 
posited by this rod, even though strong and safe in 
the “as-welded” condition, becomes embrittled when 
stress relieved. 


Recently an electrode has been developed which can 
be rated as E-11016 and which is now available. This 
electrode will develop 100%, joint efficiency when used 
for welding USS “T-1” Steel and does not become 
embrittled when stress relieved. 


3. Use an AWS 9015 electrode of the manganese-molyb- 
denum type when welding must be followed by stress 
relieving. This rod deposits weld metal which will not 
develop the full strength of the base metal, so 100° 
joint efficiency cannot always be attained. With prop- 
erly designed joints, an efficiency of 907% may be 
realized. Stress relieving of weldments made of USS 
“T-1” Steel is not generally considered necessary, be- 
cause such weldments are tough in the “as-welded” 
condition. Stress relieving may be necessary under 
certain conditions in which stress corrosion is in- 
volved or where dimensional stability during machin- 
ing is a factor. Stress relieving temperatures should 
not exceed 1150° F. 


4. Some work has been done on automatic welding of 
USS “T-1” Steel. A semi-automatic gas shielded arc 
and also an automatic submerged arc method have 
been used successfully. Information concerning such 
processes may be obtained upon request. 


GAS-CUTTING 


Quenched and Tempered USS “T-1” Steel may be 
readily gas-cut without resorting to special treatments 
to avoid cracking. Because of the alloy content, the gas- 
cut edge will, of course, be considerably harder than the 
rest of the plate. For this reason it may be desirable to 
preheat to facilitate subsequent edge machining. For 
this purpose, 350° F will be adequate. If preheating is 
not employed, the resulting edge will be hard but tough 
and free of cracks. 


How to fabricate 


Gas-cutting of USS “T-1” Steel in other than the 
quenched and tempered condition should be avoided. 

Flame-cutting USS “T-1”" Steel plates without pre- 
heat produces a hard, tough edge. The hardness of this 
edge may reach 400 BHN. That this edge is tough even 
at this high hardness level has been demonstrated by 
making bend tests of specimens with raw flame-cut 
edges. Such tests, plus visual examination of many 
flame-cut USS ““T-1” edges have shown that preheat is 
not necessary to prevent cracking. 


Many applications of USS “T-1” Steel which involve 
cold bending and forming have been made. No particular 
difficulties have been encountered. Because of the high 
yield strength of this steel, it is necessary to use con- 
siderably more force than would be needed to bend 
comparable sections of ordinary steel. The use of the 
largest possible bending radius is desirable. The sug- 
gested minimum bending radii for plates up to 2” thick 
(with axis of bend transverse to final rolling direction) : 


Thickness Min. Radius 
to 1° 2T 
Over 1” to 2” 3T 


Bending with the axis of the bend parallel to the final 
direction of rolling should be avoided where possible. 
Heavier plates require considerably more power. Very 
little cold bending has been done on USS “T-1” Steel 
plates over 2” thick. However, a few such applications 
have becn made and it has been demonstrated that heavy 
plates can be bent if large enough radii are employed. 


MACHINING 


The machining practices used on USS “T-1" Steel 
should be the same as those employed on steels of similar 
hardness (approximately 275 BHN ). Large tonnages of 
alloy steel have been machined at this hardness level 
with no particular difficulties. All of the normal machin- 
ing operations have been carried out by users of USS 
“T-1” Steel. As compared to carbon steel, lower rates 
and shorter tool life must be expected in line with the 
increased hardness. 
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Significant characteristics of 
GLC Carson Brick are... 


= =} Strength and abrasive resistance 
at high temperatures 


a> Low thermal expansion 
the > Thermal shock resistance 


: Resistance to slag build-up 
Non-melting by liquid metals 


You can depend upon Great Lakes 


carbon brick for optimum performance. 


GRAPHITE ‘ANODES, ELECTRODES, MOLDS SPECIALTIES. 


ADMINISTRATIVE OFFICE: 18 East 48th Street, New York 17, N.Y. 
PLANTS: Niagara Falls, N.Y., Morganton, N.C. 


OTHER OFFICES: Niagara Falls, N. Y., Oak Park, IIL, Pittsburgh, Pa. 
SALES AGENTS IN OTHER COUNTRIES: Great Northern Carbon & Chemical Co., Ltd. Montreal, Canada 
Overseas Carbon & Coke Company, Inc., Geneva, Switzerland; Great Eastern Carbon & Chemical Co., Inc., Chiyoda-Ku, Tokyo, Japan 
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with NO HEAT TREAT DISTORTION 


specifying 


SEVERELY COLD-WORKED, FURNACE-TREATED 


on key 
operating parts 


The lead and feed screws on the new DoALL Con- 
tourmatic must be strong since they transmit power. 
These important lead and feed screws must also be 
straight and free from growth and shrinkage, since upon 
their accuracy depends the accuracy of the huge extrusion 
dies machined on the saw. STRESSPROOF gives them 
this strength and accuracy. 


STRESSPROOF was specified because tur ay 


it eliminates heat treating and its at- 


The new giant DoALL Contour- tendant distortion and warpage prob- 
matic band saw — the world’s lems. In addition, STRESSPROOF 


largest — is a key part of the Air wears well, has the necessary strength 
Force's “Heavy Press Program.” and is easily machined. 


STRESSPROOF is used on im- STRESSPROOF makes a better part —_“ Write for helpful dete but- 
letin No. 15... “improve 
portant operating parts. at lower cost. Quality — Cut Costs’ 


AVAILABLE FROM LEADING STEEL DISTRIBUTORS 
COAST-TO-COAST 


La Salle sree co. 


1424 150th Street, Hammond, Indiana 


MANUFACTURERS OF AMERICA’S MOST COMPLETE LINE OF 
QUALITY COLD-FINISHED STEEL BARS 
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DoALL COMPANY ENGINEERS GET... 3 


Facilities of... 


Fig. 1 
An MTI commercial heat treater is located near you and is ready to 
serve your needs by performing “Custom-tailored” heat treating 
operations. 

Because all members of the MT! are specialists with complete service 
facilities centralized in one plant, they are equipped to offer you a 
variety of heat treating processes—atmosphere hardening, car- 
burizing, nitriding, annealing, cyaniding, etc. 

For example, Fig. | shows an installation of o shaker hearth furnace 
with @ continuous automatic quenching tank and a conveyor to a 
washing machine. 

Fig. 2 iMustrates @ gas flame hardening unit featuring accurate 
temperature control and using two semi-circular gas manifolds 


Se mounted on movable carriages with 20 or more burner heads. 
Ae A further example of versotile and dependable equipment found 

yea in @ commercial heat treating plant is seen in Fig. 3. The specially 
ae designed furnace conveyor belt carries over 35 tbs. per sq. ft. in 
ura normal service and sometimes as much as 5000 Ibs. are loaded on 
g it with pieces ranging from 4 |b. to 100 tbs. and temperatures 


up to 1650°. 


Possessing such equipment iogether with many other specialized 
focilities and employing the trained personnel with technical 
knowledge and experience is the business of the commercial heat 
treater. Teamwork between you and the commercial heat treater 


Newerk 3, New Jersey 


New York 38, New York 


COMMERCIAL HEAT TREATERS 


can cut YOUR costs 


Fig. 3 


WRITE FOR the booklet called: 


“STRATEGIC USE of OUTSIDE HEAT 
TREATING FACILITIES CAN CUT COSTS.” 


2 con cut your costs, 
ve _ =Ace Metal Treating Corp. Metro Heat Treat Co. a 
Elizabeth, New Jersey New York 13, New York & Ridgefield, N. J. 
New England Metallurgical Corp. # 
Now Pittsburgh Commercial Heat Treating Co. 
ey, i Bennett Heat Treating Co., Inc. Alfred Heller Heat Treating Co. Pittsburgh 1, Pennsylvania FA 


4 ‘4 Commercial Metal Treating, Inc. 
Bridgeport, Conn. 


Cook Heat Treating Co. of Texas 
Houston 11, Texas 


The Dayton Forging & Heat Treating Co. 
Deyten 3, Ohie 


Newark, New Jersey 


Cleveland 14, Ohio 
Metallurgical, Inc. 
rr lis 14, Mi 


‘er Company 
Philadelphia 33, Pennsylvania 


Hollywood Heat Treating Co. 
los Angeles 38, Collfornie 


L-R Heat Treating Company 
The Lakeside Steel Improvement Co. 


The Queen City Steel Treating Co. 
Cincinnati 25, 4 
4. W. Rex Company = 
Lonsdale, Pennsylvenia 
Stanley P. Rockwell Company 1 
Hertford 12, Connecticut 
Cc. U. Scott & Son, Inc. 
(Stainiess Steels) 
Rock Islond, Illinois 


Standard Steel Treating Co. 


Greenman Steel Treating Company 


Worcester 5, Massachusetts 
Fred Heinzelman & Sons 


Metallurgical, Inc. 


Kansos City 8, Missouri 


Detroit 10, Michigan 


Syracuse Heat Treating Corp. 


Syrocuse, New York 


Metiab Compaen Winton Heat Treating Company 
New York 12, New York — Cleveland 16, 
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Metal Progress 


The Buyers Guide 
For Metals Engineers 


BELLIS A. F. HOLDEN COMPANY 
(BRoadway 405) = (STate 7-5085) 
Oldest SALT BATHS INDUSTRIAL FURNACE 
of Salt with Additives Standard and Custom 
Originators of 300 - 2300° F. Built 
ELECTRODE FURNACES ALL TYPES 
with these patented features: of CONVEYORS 


2. Electric Starter Coil 
Salts for all heat treating ELECTRODE POT FURNACES 
applications (300 to 2300° SALT BATH FURNACES GAS ° OL 


F) supplied by the CROWN 300 - 2300° F. 
CHEMICAL DIV. 300 to 1800° F. 


THE BELLIS CO. 
BRANFORD, CONN. 


LIST NO. 9% ON INFO-COUPON PAGE 57 


There is a Stanwood Man near you for con- 

sultation without obligetion when you have 

problems involving equipment for handling parts through 

heat treating, quenching, pickling, degreasing or similar processes. For « gen- 

eration we have specialized in the design and construction of baskets, trays, fixtures, hangers, 

carburizing boxes, retorts and furnace parts. You can profit by our experience. Let us put 
you in touch with your Stanwood Man. 


CHICAGO 39, ILLINOIS 
FIRTURES 


LIST NO. 12 OP 
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FORGE FURNACES 
INDUSTRIAL OVENS 
es LIST NO. 127 ON INFO-COUPON PAGE $7 
AY § 
INFO-COUPON PAGE 57 


> B 
Series 8055 


A NEW DUAL FURNACE 
BY LUCIFER 


This series combines two independent 
furnaces im the same space formerly 
occupied by a ome furnace. Each fur- 
nace is controlle per- 
mitting hardening and drawin, rations 
to be performed at one an same 
time. 


This ees of furnace can also be supplied 
aa rdening and a pre-heating com- 
bination. 


Pour standard sizes, with special sizes to 
meet your requirements also available. 
Automatic controls are included on all 
furnaces. Quench tank conveniently rolls 
under furnace when not in use. 


WRITE FOR FREE LITERATURE, 


Phone Osborne 5.0411 
LIST NO. 122 ON INFO-COUPON PAGE 57 


for 
Every Heat Treating 
Process 
” 
CONTROLLED 
ATMOSPHERES 
* 


DIRECT FIRED 


CIRC-AIR DRAW 
FURNACES 
* 
CIRC-AIR NICARB 


(CARBONITRIDING) 


<= 0» 


Specially Engineered 
or 
Your Particular Needs 
GAS @ OIL © ELECTRIC 


LIST NO. 19 ON INFO-COUPON PAGE 57 


FABRICATED MONEL 
PICKLING EQUIPMENT 


THE 
Metals 
Handbook 
and 1954 
Supplement 

+ 1582 Large pages 

+ 2078 Wiustrations 

+ 1212 Tables 

+ 825 Articles 

+ 50,000 Copies in use 


Order now a copy of the 1954 Supple- 
ment bound in red cloth to match your 
1948 ASM Metals Handbook. The 
Supplement contains recent, authorita- 
tive information on these subjects: 


®@ Carbon and Alloy Steels 

® Tool Steels 

® Stainless Steels 

Heat-Resisting Alloys 

® Nodular Cast Iron 

Aluminum 

© Copper 

Magnesium 

® Titanium 

Engine Metals 

® Stress Concentration 

® Shot Peening 

Ferrous Castings 

® Brazed Joints 

Heat Treating 

Metal Cleaning 

® Press Forming 

Machining 

Powder Metallurgy 

Steel Melting 

Nondestructive 
Inspection 

Metaliography 


This handsome 200-page volume con- 
tains 24 articles supplementing the 
1948 ASM Metals Handbook, Prepared 
by 22 ASM technical committees, it 
has 326 illustrations, 155 tables. It 
makes a worthy addition to your tech- 
nical library, one you'll refer to often. 
For complete details of contents, see 
your July 15, 1954, issue of Metal 
Progress . . . which contains all the 
articles now being offered in this cloth- 
bound edition. Price is $4.00 to ASM 
members, $5.00 to non-members, 


| American Society for Metals, Room 789 7 
| 7325 Euclid Avenue, Cleveland 3, Ohio 


| Rush me a Metals Handbook, the 1954 | 
Supplement! 


¢ Hairpin Hooks * Sheet Crates 
Mechanical Bar, Tube and Coil Picklers | 


Address 


THE YOUNGSTOWN WELDING & ENGINEERING CO. 


© Send Metals Handbook (1) Check enclosed 
3721 OAKWOOD AVE. YOUNGSTOWN, OHIO Send 1954 Supplement Bill me 


| © Send both volumes 


© Bill my C zoel 
LIST NO $4 ON INFO-COUPON PAGE 57 
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Cc. Premont Pi. Detroit 7, Mich. 


OFFERS 
the most advanced 
Salt Bath Furnaces 

FOR 


UPTON ELECTRIC FURNACE CO. 
16808 Hamilton Avenue 
Detroit, Michigan 
Phone: Diamond 1-2520 


Mere ot WIRETEX we have 

the most Modern equipment ond 

facilities for fobricating baskets and 

fixtures fer all your plating ond heat 

treating requirements —to resis! ocid, 

heet, abrasion exposure in covery 
weove, metal and alloy. 


Test eur Service, Quality ond Price 
by sending ut co Semple Order 


Literature oveileble co obligation! 


LIST NO. 114 ON INFO-COUPON PAGE 57 


the QUENZINE STORY 


Low priced, more readily available carbon 
steels can often replace alloy steels when 
quenched in Beacon 

Quenching Oils with 

QUENZINE added. 

For information on 

this new additive and 

other Beacon Brand 

Heat Treating Com- 

pounds write to. . 


ALDRIDGE 
INDUSTRIAL OILS, Inc. 


LIST NO 20 ON INFO COUPON PAGE 57 


LIST NO. 29 ON INFO-COUPON PAGE 57 


HESE Stainless Steel Aircraft Parte, 
Hardened at 2000° and Over, Remain 
Sparkling Bright With No Appreciable Size 
nge... A Tribate to STANDARD'S 
Craftemanship and Exclusive Processing. 


YOUR SAMPLES PROCESSED FREE OF CHARGE 
STANDARD STEEL TREATING CO. 
1467 LOVETT AVE DETROIT 10, MICH 

Phone TAshmee 5-0600 
LIST NO 


4 ON INFO-COUPON PAGE 57 


If you want to perform 
Tensile or Brinell testing operations 
quickly and simply—contact 


Detroit Testing Machine Company 
9390 Grinnell Ave. « Detroit 13, Mich. 


LIST NO. 54 ON INFO-COUPON PAGE 57 


Represe ntatives 


For a wide choice. . 
designed with FORWARD 
or RADIAL BLADES, serve many ind al 
processing requirements. 


our needs call for HIGH TEM. 
PERATURES (300° to 1600° F) you at 
find GARDEN CITYHIGH T! 


If 


air-cooled 
costs. 


Send for our latest catalogs, 
GARDEN CITY IND! RIAI 

For specific details, outline your fan 
problems to us, givin 
static pressure, and 
use the fan. 
fan for you. 


GARDEN CITY FAN COMPANY 


332 South Michigan Avenue — 


in principal cities 


ment, 


GARDEN CITY Industrial FANS 


GARDEN CITY FANS 
BAC KWARD 


PANS save you meney. Patented 
shaft slices maintainence 


illustrating 
FAN equip- 
cubie feet per minute, 


ust how you intend to 
We'll be pleased to suggest a 


Chicago 4, Iilinois 


LIST NO. 123 ON INFO-COUPON PAGE 57 


METAL PROGRESS; PAGE 51 


ang FIXTURES be 
Wirctox 
TYPE €0. | 
WORK 5 Maron Bridgepert 5, Conn. 
WORK | 
‘ 


Maurath, Inc. 
For 


Stainless and 
Heat Resistant 
ARC WELDING 


21830 MILES AVENUE 
NORTH RANDALL 22, OHIO 
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ELECTRODES 


} AUTOMATIC WELDING 
All Analyses - Coated, 
Straightened - Cut - 
Coiled and Spooled 


MAURATH, Inc. | 


RANSON 


VIDIGAGE® 
AUTOMATIC THICKNESS GAGE 


AUDIGAGE® 
PORTABLE THICKNESS GAGES 


SONOGEN® 
ULTRASONIC-POWER GENERATORS 


21” Cathode-Rey Tube; 
Direct-Reading Scoles; 

Any Range between 0.005” and 2.5”; 
Accuracies from 0.1% to 1.0%; 
Cables up to 1000 feet for remote testing. 


Bottery-Operated; wide ki range; 
Model 5, to Model 0.040” to 12”; 


for fast, thorough metal washing and de-greasing; 
Ovtputs from 100 Watts to 25 Kw. 


ectronics 
velopment 
a Re 


SOLVE D with 


MAGNETIC ANALYSIS 
MULTI-METHOD EQUIPMENT 

Electronic Equipment for non-destruc- 
tive p ction of steel bors, 
wire rod, and tubing for mechanical 
faults, variations in composition and 
physical properties. Average inspection 
speed 120 ft. per minute. 

Over 50 steel mills and fabricators 
are now using this equipment. 


MAGNETIC ANALYSIS 
DEMAGNETIZERS 

Electrical Equipment for rapid and 
efficient demagnetizing of steel bors 
and tubing. When used with Magnetic 
Analysis Multi-Method Equipment, in- 
spection and demagnetizing can be 
done in a single operation 


MAGNETIC ANALYSIS 
COMPARATORS AND METAL TESTERS 
Electronic Instruments for production 
sorting both ferrous and non-ferrous 
materials and parts for variation in 
composition, structure and thickness of 
sheet and plating. 


MAGNETIC ANALYSIS 
MAGNETISM DETECTORS 
Inexpensive pocket meters for indi- 


Phone: MOntrose 2-6100 { 


LIST NO. 72 ON INFO-COUPON PAGE 57 


For Details Write; “THE TEST TELLS” 


MAGNETIC ANALYSIS CORP. 
42-44 Twollth St., Long City 1, ¥. 


PHILADELPHIA 


is where the 


1955 National 


Metal Show 
will be held 


October 17 to 21 


Plan on attending! 


A CABLE SPLICED 
IN 10 seconps! 


ERICO PRODUCTS, INC. 
Complete Arc Welding Accessories 
2070 E. Gist Place, Cleveland 3, Ohio 


Write for Caddy Catalog 


LIST NO. 5! ON INFO-COUPON PAGE 57 


LIST NO. 71 ON INFO-COUPON PAGE 57 


4 
4 » 
430 FAIRFIELD AVE-STAA.._.- 
Call o LIST NO. 81 ON INFO-COUPON PAGE 57 
| 
| 
| 
cating residual magnetism in ferrous = 
o \ | materials and parts. 


Here’s why RULON solves bearing problems 


RULON is a unique new oil-free bearing material for light loads. Devel- 
oped through original basic research on friction, Rulon never requires 
lubrication because very low friction coefficient is inherent. Excellent abra- 
sion resistance. Chemically inert, extremely resistant to chemical corrosion, 
Zero water absorption. Operates without distortion submerged in water 
and most acid or alkali solutions. Exceptional anti-hesiveness, cannot ac- 
. : cumulate dust, dirt, air-borne sediment. Readily sterilized, resists tem- 
DIE CAST perature extremes —100°F to over 400°F, Special electrical properties 
, adapt it to electro-mechanical applications. Supplied in any form, com- 

AT LOWER pletely finished or for machining in your own plant. Already used in 
widely varied applications, but potential largely untapped Rulon may 

Factual data on solve your problem. 20 Data Sheets available giving special properties, case 

line of zine alley histories, all details. Request without obligation. 


fasteners for every 
industrial need .. 


Free Bulletin « Write Today 


DIXON CORPORATION, BRISTOL, RHODE ISLAND 
GRIES REPRODUCER CORP. Advertnement Advertisement Advertivement 


46 Second St. New Rochelle, N.Y. @ Phone NEw Rochelle 3-8600 LIST NO. 130 ON INFO-COUPON PAGE 57 


LIST NO. 113 ON INFO-COUPON PAGE 57 


BARBER 


ww) Impressor 


for quick, on-the-spot hardness 
of non-ferrous metals and plastics 


SHAPES of the proper alloy or type of 
wire is ane or death matter. 
Reduce your assembly problems and costs. Yer it cov = it is important to 
Our shapes continuously formed, with high select the right wire — properly drawn. 
degree of accuracy, from ferrous or non- Simple to operate - 
ferrous metals. Write for Catalog No. 1053. BERYLLIUM COPPER TITANIUM of 
PHOSPHOR ALUMINUM of forcing a spring-loaded indenter into the sur- 
s face with the amount of penetration regimering 
Send for descriptive folder. on a dial indix -_ Can be used in any position 
PRODUCTS tamperproo compact . rugeed, yet 
ROLL FORMED co. LITTLE FALLS ALLOYS weighs only 12 oz. Thousands used by industry. 
corns Write today for complete details 
in ATEO 
193 Caldwell Ave., Paterson 1, N. J Barber-Coiman Com 
Dept. 5, 1218 Rock St., Rockford, Iilinols 


LIST NO. 66 ON INFO-GOUPON PAGE 57 LIST NO, 56 ON INFO-COUPON PAGE 57 


9761 OAKWOOD AVE. + YOUNGSTOWN, 


LIST NO. 101 ON INFO-COUPON PAGE 57 


Surface Protection 
Against Wear and 
Corrosion 


A new book containing sections 
on electroplated coatings, ano- 
dized coatings, case hardening TUBING ROLLS 
by carburizing diffusion treat AND 

ments, metalizing, selective heat 


treatment, hard facing and FORMING ROLLS 


testing for wear resistance. 


Common problems encountered To Your Specifications or Ardcor Design—for all makes of machines 


in preventing corrosion by sur DESIGNERS AND M 

ANUFACTURERS: All Sizes and Spindie Diameters 
face pr tection and economics of Roll Forming Machines, Welded and Lock-Seam Pipe and Tube Mills 
of corrosion versus protection © Forming Rolls, Tubing and Pipe Rolis © Straightening, Pinch and 
are discussed. Levelier Rolis * Cut-off Machines 


Published, 1954 .. .. Price, $6.00 American ROLLER DIE CORPORATION 


American Society for Metals 29550 Clayton Avenue bd Wickliffe, Ohio 
om Euclid Ave. Clevelond 3, Ohio 


LIST NO. 57 ON INFO-COUPON PAGE 57 
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This amazing manual is guaran- 
teed to open your eyes! Gives 
latest, up-to-the-minute facts on 
new developments in advanced 
barrel finishing equipment, com- 
pounds, abrasives, Shows how sin- 
gle unit installation replaces from 
2 to 12 men, Investigate. Send for 
FPREE 52 PAGE CATALOG 
Write 917 Marshall Street 


Supersheen 


AMERICAS OF AOVANCEO 
EQUIPMENT ONO 
ALOERT LEA. MINNESOTA 


LIST NO, 76 ON INFO-COUPON PAGE 57 


+ STATISTICAL 
QUALITY CONTROL 


NON-GRAN’S an- 
swer to your need for 
parts machined to(1) 
extremely close tol- 
erances, (2) in great 
quantity, (3) with 
no rejects. We con- 
tract machine parts 
in all metals. Write 
giving your require- 
ments. AMERICAN 
NON-GRAN BRONZE 
Co., Berwyn, Pa. 


Write fer folder 
Better Production 
Control” 


GET A BID FROM 


HOOVER 


SPECIALISTS IN THE FIELD OF 


Die Castings 
SINCE 1922 
Aluminum and Zinc 


THE HOOVER COMPANY 
Die Castings Division 
North Canton, Ohio 


LIST NO, 74 ON INFO-COUPON PAGE 57 
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LIST NO. 3 ON INFO-COUPON PAGE 57 


RIGID-tex Metals Reduce Costs, 
Increase Strength, Improve Appear- 
once and Reduce Maintenance, See 
<< Sweets Design File ta/Ri of 

write us direct for complete 


information, 


RIGIDIZED METALS 
CORPORATION 


68270HI0 ST., BUFFALO 3, N.Y. 
Sales Representatives in Principal Cities 
LIST NO. 64 ON INFO-COUPON PAGE 57 


A PROVEN 
DEPENDABLE SOURCE 


FOR BETTER GRADE INVESTMENT 
CASTINGS IN FERROUS AND 
NON-FERROUS METALS 


INVAR 
CASTING 
Special Feature 
— Nickel content 
held to 35% min- 
imum — 36% 


maximum 
STAINLESS STEEL PART for milk 
bottling unit formerly machined 
from solid stock. 
Only finish oper- 
ations required 
ere reaming small 
dio. of counter- 
bored hole and 
drilling and tap- 
ping for set screw. 


ENGINEERED 
PRECISION CASTING co. 


LIST NO, 4 ON INFO-COUPON PAGE 57 


PENNROLD 


precision strip 


* Beryllium 
Copper 

* Phosphor 
Bronze 

* Nickel Silver 

* Bross 

* Chromium 
Copper 

* Copper 


rolled to your most 
exacting requirements 


For Further information Contact 


PENN PRECISION PRODUCTS, INC. 


50! Crescent Avenve = * Reading, Penn. 
Phone: Reading 6-382! 


LIST NO. 126 ON INFO-COUPON PAGE 57 
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52 Pages Tells the > 
Figures, 
Story. 
| 
the 
A 
between 
Mar- 
th. 
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MOLYROTE® 


LUBRICANTS 


e SEIZING 
GALLING 
FRETTING 


METAL PARTS 
CLEANING 
PROBLEMS? 


Get the answers RIGHT 
from RAMCO’S new 
BULLETIN! 


Send for your copy of 
the Ramco Bulletin. See 
how Ramco 2- and 3- 
dip degreaser can 
solve your metal 
parts cleaning prob- 
lems safely, effici- 
ently, economical- 
ly! Send today! 


BAMCO EQUIPMENT CORP. 


DIV. OF RANDALL MFG. INC. 
1375 Lafayette Ave., New York 39, N. Y. 


LIST NO. 128 ON INFO-COUPON PAGE 57 


FRICTIONAL 


WEAR 


TREME 
MPERATURES 
@ PRESS FITS 
FORMING 


LIST NO. 110 ON INFO-COUPON PAGE 57 


LIST NO. {21 ON INFO 


RUST: LICK 


SYSTEM 


Grade “C-W-25" 


Non-flammable 
Non-toxic 


Aqueous Oily Film | 
Protects Ferrous Parts 
for long Periods 
Indoor Storage 


Write for free sample and brochure 
Specify Grede 
ODUCTION SPECIALTIES, INC 


755 BOYLSTON STREET 
BOSTON 16, MASS 


COUPON PAGE 


Abrasive Wheels — Cut-off Wheels 
Finishing Wheels—Diamond Wheels 


Custom-made for your specific 
material problems 
Foundry Snagging—Billet 
Surfacing—Centeriess Grinding 
Cutting and Surfacing concrete 
granite, and meals 
“Moldises” for rotery sanders 
Grinding and Finishing 
stainless steel welds 
Bearing Race Grinding 
and Finishing 
Finishing Tools and Cutlery 
Cutting-off—Wet or Dry Bars, Tub- 
ing, Structurals, etc. Foundry Cutting 
—standerd and reinforced wheels 


LIST NO. | ON INFO-COUPON PAGE 57 


DIFFICULT 


LUBRICATION 


PROBLEMS! 


BEL-RAY has pioneered in the 
manufacture of special lubri- 
cants to meet the many difficult 
lubricating problems of indus- 
try. Write us for information 
which will assist you in choos- 
ing the correct lubricant for 
YOUR requirements. 


many BEL-RAY lubricants available: 
High Tempereture Lubricants 
* Lew Tem Lubricents 
© Extreme Pressure Lubricants 
* Molytube Series (Molybdenum Disvifide) 
Neon Melting Greoses 


FOR CATALOG 
GIVING COMPLETE 


“ 


BEL-RAY CO., INC. 


MADISON, NEW JERSEY 


LIST NO. Itt! ON INFO.-COUPON PAGE 67 


WRITE, WIRE or PHONE 
_ FOR YOUR CATALOG 


Sran STAINLESS scasw co. 


> 


606647 Union « Paterson 
Telephone: Little Falls 42300 
Hew York Wi 7-068 


COUPON PAGE «47 
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THESE 67 
LuBRICA TION A 


ashinaryds equi . 


SAVES EXCESSIVE HANDLING TIME 
REQUIRED BY HEATED 
PHOSPHATE PROCESSES. 


Phospray minimizes 
cleaning and eliminates 
rinsing and drying. 


| Phospray dries “dust 
Ny i, tree" immediately, 
ready for application 
of final finish. 


Phospray can be cut 
with thinner as high as 
3 to 1 without 
reducing effectiveness. 


Phospray has been 
thoroughly field tested 
to govt. specs. 


Phospray cuts proces- 
sing time, reduces 


finishing costs, and 
provides an easy 

sure-fire bond for 
organic finishes on 


almost any metal. 


Phospray is made 

% and guaranteed by 
Du-Lite, the metal 

finishing specialists, 


HOW TO DO 
BRIGHT GOLD 
PLATING 


brushing or 


BRIGHT GOLD PROCESS 


FOR INDUSTRIAL and 
DECORATIVE USES 
1. Exceptionally hard deposits — twice 
the hardness of conventional 
gold plating. 
2. Operates at room temperature — re- 
quires absolute minimum control. 


3. Excellent metal distribution and 
“throwing power.” 


SEL-REX PRECIOUS METALS, INC. 
Dept. BB, 229 Main Street 
Belleville 9, N. J. 


LIST NO. 108 ON INFO-COUPON PAGE 57 


CIRCO VAPOR DEGREASERS—large 
or small—automatic or manual oper- 
ation 
CiIRCO METAL PARTS WASHERS— 
custom engineered to suit your pro- 
duction needs 
CIRCO-SONIC DEGREASERS — new- 
est development—cleaning by ultra- 
EQUIPMENT COMPANY sonic vibration 
119 Central Avenue, Clark (Rahway), N. J. CIRCO-SOLV (Trichlorethylene) and 
Offices and warehouses in principal cities PER-SOLV (Perchlorethylene) — high 
purity, low-cost solvents 


FREE! Write for 32-page CIRCO Degreasing Manual 


LIST NO, 10 ON INFO-COUPON PAGE 57 


DU-LITE CHEMICAL CORP. 
MIDDLETOWN, CONN. 


METAL FINISHING SPECIALISTS 


LIST NO. 103 ON INFO-COUPON PAGE 57 
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for all 
industrial 
requirements 


BASKETS 


for de-greasing — pickling 
anodizing — plating 
materials handling 
small-parts storage 


of any size and shape — 
any ductile metal 


by 
THE C. O. 


MFG. CORP. 
28 Pequot Road 
Southport, Conn. 


LIST NO. 91 ON INFO-COUPON PAGE 57 


for finish | 
Write for complete detalls “ 
Ke Circ Metal Cleaning Equipment CUTS costs 
Wt 
{Send more Phospray information. 
Have your representative cal...) le “Af 
| 


WHITELIGHT 


your comprehensive independent 
source of magnesium alloy 
Tubes * Rods © Shapes * Bars 
Hollow Extrusions Plate Sheet 
© Pipe * Wire * Welded and 
Riveted structures and assemblies 


WHITE METAL ROLLING 


& STAMPING CORP. 
82 Moultrie St., Brooklyn 22, N. Y. 


Sales Office 
376 Lafayette St., New York 3, N. Y. 


INDUSTRIAL PROTECTOX applies invisible tarnish-resistant 
coating —0.0000005” thick—on all surfaces of silver, silver alloy, copper, 
brass and gold. Applied by simple two-step process, protects surfaces 
against tarnish in open trays, in storage, in shipment—renders them 
resistant to sulphur fumes, other industrial atmospheres. Excellent base 
for lacquer, improving lacquer adherence by 300%. Protectox treated 
surfaces easily soldered ; treated contacts may be built into relays or other 
equipment without pre-treatments. Film has low specific resistance, is 
removed by first operation of contact except in very low level circuits. 
Also removed by rosin flux and soldering heat without pre-treatment and 
by abrasion, rubbing, or prolonged handling. Product of Technic, Inc., 
originator of scientific electroplating of precious metals and supplier of 
plating solutions—largest enterprise of its kind in the world. Write for 
“Industrial Protectox” Data Sheet—full details, application procedures, 
costs, etc. TECHNIC, INC., 39 Snow Street, Providence, Rhode Island 


Advertisement Advertisement Advertuement 


LIST NO. 67 ON INFO-C 


JUPON BELOW 


LIST NO. 129 ON INFO-COUPON BELOW 


We'll see you 
at the 


NATIONAL 
METAL SHOW 


October 17 to 21 
in 
Philadelphia 


For efficient metal cleaning 
QUEOU : - YSTEMS USE SWIFT CLEANING COMPOUNDS! 


For certain rust prevention 


USE SWIFT RUST PREVENTATIVES! 


E FERROUS For heat treating 
mat TAL PROCESSING USE SWIFT SALT BATH! 
inmates... 


UST- LI C For positive blackening of steel and iron 
parts... 
USE SWIFT BLACK! 
A 


Grade "B" 


For quenching 
Rust USE SWIFT QUENCHING OILS! 
Fire Hazards Send TODAY for descriptive litere- 
Toxicity ture and technical data sheets. 
See ws at Booth 1975, 
Dermatitis National Metal Exposition 


Degreasing 
Write tor free sample ond 
Specify Grode 
RODUCTION SPECIALTIES, INC. 


755 BOYLSTON STREET 
BOSTON 16 MASS 


LIST NO. 105 ON INFO-COUPON BELOW LIST NO. 92 ON INFO-COUPON BELOW 


ENGINEERING ALLOYS 


by N. E. Woldman 


This up-to-the-minute book 
lists over 19,000 alloys by 
trade name and gives their 
properties, compositions and 
typical applications. All im- 
portant commercial alloys are 
shewn. 

1056 pages of valuable infor- 
mation, generous index and te- 
bles of manufacturers and the 
trade names of their products. 


Price, $15.00 


AMERICAN SOCIETY FOR METALS 
730! Euclid Ave. Cleveland 3 


READERS’ INFO-COUPON SERVICE, METAL PROGRESS 
7301 Euclid Avenue, Cleveland 3, Obie 


Please send further information, as checked af the right, on the edvertisements in the 
Bulletin Board with numbers | have listed below — 


Send Catelog Nearest 
or Engineer- Source of 
ing Date Supply 


OOO0O00 


Send 

Price 
Into 

Tithe 


| 
(Bulletin Board Item Number) 
| 
| 
! 
| 


Street 
City 


4 
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an adaptable tool 

for L R Heat Treating Co. 
This is one of the many applications of Gas for . Very clean 
special heat treating problems at L R Heat Treating 
Co., Newark, New Jersey. In this case, metal to be SRA OPE 
heat treated is held stationary while Gas burners ae ee ; 
move vertically along the length of the work. Sprays . Less equipment maintenance 
of water just below the flame area do the quenching. 

Gas is the fuel used for heat treating at this 

modern plant. When asked to give their reasons for 
preferring Gas for heat treating, the staff at L R 7. Dependable fuel supply | 
Heat Treating selected the following points as most 8. Excellent technical service supplied by 
important: the local utility 


. Easy to control 


. No messy leaking connections 


. Easier to start up after shut-down 


For further information on how Gas can help you in your heat treating 
operations, call your Gas Company Industrial Specialist. He'll be 
glad to discuss the economies and results Gas and modern Gas-fired 
industrial equipment can provide. American Gas Association. 
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Model JR offers 


for industrial radiography 


Whether your inspection problems include 
> high-quality production radiography 
of “2-inch to 5-inch steel sections 
> aluminum, bronze, or stainless steel 
> panoramic x-ray exposures of weld- 

ed seams or groups of castings 
> detection of hairline cracks or of 
microporosity 


The model JR is the answer 

> with its constant-potential one-mil- 
lion-volt radiation, by means of its 
l-mm x-ray focal spot 

> with sturdy design requiring no ex- 
ternal cooling, no auxiliary ap- 
paratus 

> well suited for complete transporta- 
bility or cabinet type installation 


Sow cost — $25,000 for x-ray gener- 
mor, complete controls, and super- 
Mision of installation (less mount). 


Send for Bulletin JR 


The compact control sys- 
tem of the Model JR is 
portable ond easy to 
operate. 


The Model JR can be supplied in a 
battery operated lift-truck mounting for 


positioning within the x-ray area with- HiGu VOLTAGE. 


out an overhead crane. 


Complete lift-truck-mounted model — $29/600. ee 
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A: 


STEAM DROP 
HAMMER 


50,000 lb. Steam Drop 
Hammer, the world’s 
largest forging hammer. 
We have built 8 of these 
giants for America’s fore- 
most industrial users. 


Whatever your forging needs, whether hammers 
or presses, plus a complete line of all-steel trim- 
ming presses, to trim every forging, there’s an 
ERIE machine for you. Erie makes all types 
and sizes of forging hammers from small 50 Ib. 
self-contained hammers to immense 50,000 Ib. 
machines. And all ERIE hammers are of all-steel 
construction, Our sales engineers are at your 
disposal. Write or call for descriptive bulletins. 


SINCE 1895, THE GREATEST 
NAME IN FORGING HAMMERS 
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‘THE WORLD’S GREATEST NAME 
FORGING MACHINERY 


BOARD DROP 
HAMMER 


10,000 Board Drop 
Hammer (the largest ever 
built) for production forg- 
ing. 4-roll lifting head 
gives longer board life. Air 
operated board clamps 
ease hammerman’s job. 


FORGING 
PRESS 


1000-ton Forging Press, 
self-contained, semi-auto- 
matic, achieves high speed 
by using 2 pumps and an 
air-loaded accumulator. 
Side-housing, strain-rod 
type press, completes a 6” 
stroke cycle in 4 seconds. 


#12 Erie Press with air- 
operated friction clutch 
and spring-set air-released 
brake for 100% safety. 
Erie offers a complete line 
—to trim every forging. 


FOUNDRY CO. ERIE. PA. 


. 
J 
| 
ae 
TRIMMING 
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Amazingly simple 


EASY-FLO 
FOS brazing 


It’s a safe bet you can 
get a better product at 
much lower cost on several 
of your metal parts by de- 
signing them for EASY-FLO 
or SIL-FOS silver brazed con- 
struction — supplemented by a 
simple production set-up that 
makes the brazing so easy — any- 
body can do it! 

Here's an example —a radiator 
valve. Ic is made of a simple 
drawn body and a screw machine 
part, brazed with EASY-FLO. 
And the joining is done on a set- 
up that “automation-izes” the 
actual brazing. The net results — 
a smaller, trimmer valve — and a 
favorably low production cost. 


FOR THE FACTS IN PRINT... 


Write for Bulletin 20. It gives them all plus a lot of useful infor- 
mation about fast, low-cost production brazing. 


HANDY HARMAN 


EASY DOES IT — An endless chain runs at predeter- 
mined speed between a pair of city gas-air burners. 
Operator merely places bodies in angle-iron carriers, 
takes spuds with preplaced EASY-FLO rings, dips 
them in Handy Flux and sets them in bodies. The rest 
is automatic. Using only one row of carriers, output is 
18 a minute. 


Expert “Know-how” at your service 


In cooperation with the manufacturer we worked out 
the valve brazing set-up — and we're ready to work 
with you. As originators of EASY-FLO and SIL-FOS 
low-temperature silver brazing alloys, we offer you 
the benefit of the maximum technical knowledge about 
the process and practical experience in its application 
available anywhere today. There's no obligation for 
this assistance. Just phone or write and say when you 
would like a field service engineer to call. 


OFFICES and PLANTS 
BRIDGEPORT, CONN 
PROVIDENCE, &. | 
CHICAGO, ILL 


General Offices: 82 Fulton $t., New York 38, N.Y. 
DISTRIBUTORS IM PRINCIPAL CITIES 
There's no’’...or equal’’ for EASY-FLO and SIL-FOS 


CLEVELAND, OHIO 
DETROIT, MICH 

LOS ANGELES, CALIF. 
TORONTO, CANADA 
MONTREAL, CANADA 
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ACME XN 


One of these 


Acme Model 
Forging Machines 


will meet your needs EXACTLY! 


TABLISHED 1 


ACME MACHINERY DIVISION e 1201 W. 65th St., Cleveland 2, Ohio 


“ACME” FORGING © THREADING © TAPPING MACHINES + ALSO MANUFACTURERS OF “HILL” GRINDING AND POLISHING MACHINES 
WYDRAULIC SURFACE GRINDERS © “CANTON” ALLIGATOR SHEARS PORTABLE FLOOR CRANES © “CLEVELAND” KNIVES SHEAR BLADES 
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FORGING QUALITY 


23,000 POUNDS 


é 
£ 
fo your own analysis : 
a? 
If you've been looking for a dependable : 
source for ingots of superior forging ¥% . 


quality, it will pay you well to see how 
Ingersoll can serve you with: 


* Electric furnace carbon steel or 
alloy grades to your own analysis and 
specifications. 


* Ingots in any size and shape from 
400 pounds to 23,000 pounds. 


* Great flexibility in production 


schedules—set up to fit in with your 
own forging requirements. 


FOR FULL DETAILS— WRITE, WIRE OR PHONE—NOW 


STEEL DIVISION 


Borg-Warner Corporation 
New Castle, indiana 


© Ample capacity to meet your needs 
«+. on schedule. 


The assurance of uniform high 
quality from one heat to the next. 


alloy steels © armor plate ¢ carbon electric steel for saw steels, including high speed hack saw blade steels 
tank clutch discs ¢ clutch plate steels heat-resisting shovel steels © soft center steel * stainless steels 
steels * IngAclad stainless-clad steel « knife steels Tem-Cross cross-rolled steel « tillage steels 


NOW — from Borg-Warner’s centrally located Inf soll Steel Division, at New Castle, Indiana... 
| 


YOUR FORGING 


| seancn 0, DEARBORN DEWART "BLDG. NEW LONDON COM, 
FOREIGN AGENTS IN PRINCIPAL . THE 


_ 
MANUFACTURING COMPANY 
ates 


Flame hordening big mill roll at Lokeside through scientifically controlled multiple oxygen acetylene Homes. 


Why flame hardening? 
Mill rolls, gears, axles, sprockets, cams, blanking, forming & E EL TR EATI NG . 


dies and many other parts made entirely of expensive metals "Lc 
cost plenty! That's why it pays to use less expensive, 
easily-machined steels for these parts and then 
send them to Lakeside for scientific flame hardening. 
Flame hardening selectively reinforces metals at points of 
wear without appreciable distortion. Lakeside metallurgical induction Mardesing, 


Carbonitriding, Flame Hardening, Heot 
specialists using the latest, most efficient equipment speed ond 


service at reduced costs. Since 1931, flame hardening as Straightening (mill lengths ond sizes), 


pioneered by Lakeside has saved countless thousands of dollars 
for industrial users. Why not get to know the economies of Nitriding, Speed Nitriding, Aerocasing, 
dependable flame hardening? Call HE 1-9100 today! Chapmenteing, Send Saving 

Laboratory Physical Testing. 


S418 LAKESIDE AVE., CLEVELAND 14, OHIO HENDERSON 19100 
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The Properties 
Straits Tin 


No other metal combines all the properties of 
Straits Tin. No other metal can do so many 
different kinds of jobs so economically and 
so well, 


Because it is corrosion-resistant, nontoxic and 
tasteless, tin is a perfect metal for the packaging 
of food. Today more than 400 different food 
products come in tin cans. Currently, more than 
half of the tin for these cans is Straits Tin 
from Malaya. 


Because it wets metals readily, flows easily, 
adheres firmly, and has a relatively low melting 
point (450°F.), tin is the key component of sol- 
der. And tin-rich solders are the best and most 
efficient means for making corrosion-resistant, 
impermeable, electrically conductive joints at 
low temperatures. 


A unique combination of properties makes 
Straits Tin a particularly useful component of 
bronzes. Tin hardens and strengthens copper 
twice as effectively as zinc, and provides much 
better resistance to corrosion, 

Because of its antifriction qualities, resistance 
to corrosion, conformability, and good em- 
bedding characteristics, tin is invaluable in 
bearing metals. Without tin-base or tin alloy 


MALAVAN 
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A new booklet, “Straits Tin: A Most Useful Metal for Ameri- 
can Industry,” tells a factual and intriguing story of the many 
new ways tin can be used today. A copy is yours for the asking. 


THE MALAYAN TIN BUREAU 


Dept. 25, 1028 Connecticut Ave., Washington 6, D.C. 


bearings, the wheels of industry could not turn 
so smoothly and efficiently. 


And Straits Tin is not only one of our most 
useful metals. It is now fast becoming one of 
our most valued chemicals. Tin in chemical 
compounds — stabilizers, opacifiers, antioxi- 
dants, preservatives — is contributing greatly 
in the competitive race for improvement in 
products from plastics and the new chlorinated 
rubber paints to ceramics, sensitized paper — 
now even jute bags. 


Take a New Look at Straits Tin 


Over one-third of the world’s tin is mined and 
smelted in Malaya. Known as Straits Tin, this 
metal is over 99.87% pure, and is world-famous 
for its absolute reliability of grade. 


Today new uses for Straits Tin are making 
it more valuable than ever to American indus- 
try. And continuing research will, in the near 
future, find still more ways in which Straits Tin 
can serve you. Whether you're planning a new 
product, improving an old one, or seeking ways 
to avoid the squeeze between rising costs and 
resistance to higher product prices, a careful 
reappraisal of the properties of Straits Tin may 
uncover a profitable answer to your problem. 


STRAITS 
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TAL 


FINISHES 


Northwest's years of research in formulating and perfecting 


analytically correct, job-adjusted cleaners are your assurance of the right 
chemical for your job. 


COST PER ae Northwest's Metal Cleaning Specialists have at their command such 
ARTICLE IS THE TRUE outstanding processes as LO Hi pH — for cleaning prior to plating, painting 
COST OF YOUR CLEANER or vitreous enameling; ALKALUME — for preparing aluminum for 


finishing and spot welding; INTERLOX — for phosphate coating; SPRA-LUBE 
—to control overspray of “todays” paints in water-wash paint 

( booths; PAINT STRIPPERS — specific to your needs; SUPER-DRAW AND 
FLUID FILM—for drawing metals. 


a Northwest's production-tested chemicals and ‘Right the First Time’’ 
dations will save you money. Your Northwest Cleaning Specialist 
is as close as your phone. 


el 
co. 


RESELAWN DETROIT 4, MICH. 
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Lowering of Airco batch feeder into ladle for injection of calcium carbide. 


Now! Gray-lron foundries can reduce 


cost of producing ductile iron 


om INEXPENSIVE AIRCO CARBIDE INJECTION PROCESS CAN SAVE UP TO 
2 50% BY REDUCING NEED FOR EXPENSIVE ALLOYS cor 
_ Calcium carbide, dry nitrogen and a simple, in- the new process have reported substantial savings 


expensive batch feeder are all that gray iron foun- 
dries need to reduce production costs of ductile 
iron, thanks to a new process developed by Airco. 


When finely ground Airco No. 20 Special Car- 
bide is injected with nitrogen into molten iron, the 
desulphurization is so uniform and efficient that 
ductile iron can be produced from acid cupola iron 
after carbide treatment. The low sulphur content 
of carbide treated irons—as low as 0.01% means 
the quantity of expensive alloys may be reduced 
with no sacrifice of mechanical qualities, Users of 


Air REDUCTION 


by substituting less expensive alloys. Another fea- 
ture of the process is its flexibility, since by using 
carbide treatment the same cupola charge may be 
used for producing a variety of grades of iron. 


The new calcium carbide injection process is the 
result of Airco Technical Service's continuing 
effort to find new, profitable techniques for cus- 
tomers. If you have a cutting, welding or metal- 
lurgical problem, why not ask Airco to help you? 
Write to your nearest Airco office. 


Divisions of Air Reduction Company, 
Incorporated, with offices and 
dealers in most principal cities 

Air Reduction Sales Company 

Air Reduction Pacific Company 
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60 East 42nd Street ¢ New York 17, N. Y. 


Represented internationally by 
Airco Company Internationa! 
Foreign Subsidiaries 

Air Reduction Canada Limited 
Cuban Air Products Corporation 


Products of the divisions of Alr Reduction Company, Incorporated, incivde, AIRCO — industrio! gases, welding ond cutting equipment, and acetylenic chemicals * PURECO — 
corben dioxide, liquid-solld * OHIO — medical gases and hospital equipment * NATIONAL CARBIDE — pipeline acetylene ond colcivm carbide * 
COLTON — polyviny!-ocetotes,—alcohols, and other synthetic resins 
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SPECIALTIES 


for all METALS 


IRROFE steel bright dip. M-600 alkaline smut remover and de- 
uster. BLACKMAX steel blackening process. TROXIDE acid pickling 
salts. METEX DURAFOS iron compound. PHOSPHO. 
EX zinc compound. M-60! Burnishing Compound. 
leaning Compounds, Electro, Soak, Spray. Metal Stripping Com- 


pounds for all electrodeposits. Rust preventative for final hot water 
inse. 


mae BRASS AND COPPER 


IRROCU copper bright dip. LUSTRABRASS brass bright dip. 
M-60! burnishing compound. DB Electrolytic Strip for electro- 
deposits. Paint Strippers. Etch Salts for acid dipping leaded brass. 


BMETEX A-82 dip to prevent staining. Cleaning Compounds for all 
ycles. 


eae ZINC BASE DIECASTINGS 


METEX diecast burnishing compound. Special Soak Cleaners for 
eavy buffing compound removal. METEX DB Electrolytic Strip. 
Paint Strippers. TROXIDE for acid dipping. 


>” ALUMINUM 


ALUMETEX Process for plating on aluminum. MACDER. 
MID ALUMINUM BRIGHT DIP. METEX #79 liquid bur- 
nishing compound. Pickling Aids for silicon alloys. 
DEOXIDEX Process preparation for spot welding. NON. 
ETCH anodize strippers. METEX SS STRIPPER for remov- 
ing copper, nickel and cadmium. Paint Strippers. Cleaning 
compounds for all processing. 


GENERAL SPECIALTIES 


MACDERMID BRIGHT COPPER Plating Process. 
CHROMETEX nickel activator prior to chrome plating. 
Alkaline Zinc Stripper. Acid Additive for pickling solu- 
tions. METEX FILTER POWDER. Phosphoric acid dere 
and deoxidizers. Materials for chemically machining 
aluminum. Plating and stripping processes for printed 
circuits. Acid dips for Pewter. ROCHELTEX additive for 
all cyanide copper solutions. Paint and carbon removers. 
Rinsing aids to prevent staining and assist water shed- 
ding. Stainless steel cleaning and pickling cycles for 


chromium plating. Burnishing and pickling aids to remove 
scale from stainless. 3°) 
Tncorporated, 


WATERBURY 20, CONNECTICUT 


DATA SHEETS 


METAL FINISHING COMPOUNDS 


+? —~ DYCLENE we” — Reverse Curr 


Die Castings 
_For Cleaning Butfed Coppe 
23 ANODEX 61X - For for Steel 


#4 — ANODEX - Reverse Current Cleane 


= TEX - For Copper Plating 
CDERMID BRIGHT COPPER PLATING PROCESS 


26 - CHROME RESISTEX - For Cleaning Prior to 


Chrome Plating 
=] — PRESSURE SPRAY WASHING MACHINE 


CLEANERS 
#8 — CHROMETEX - Nickel Activator 
+9 — METEX ACID ADDITIVE 

ER 

+10 — METEX ZINC STRIPP | 
METEX DURAFOS - Phosphate Coating 
£13 -THE ALUMETEX PROCESS - For Electroplating 
on Aluminum 
#14 — TROXIDE Dry Acid Pickling 
a _ BLACKMAX SALTS - Black Oxidizing Salts 


for Steel 
#90 METEX DB ACID ELECTROLYTIC ond 
MACDERMID ALUMINUM D 
N CLEA 
+23 - SOLVENT EMULSIO 
+4 COMPOUNDS FOR FINISHING 
+5 DEOXIDEX For Cleaning Aluminum 'or 


Spot Welding 
MIRROCU - Chemical Copper Polish 


PHOSPHOTEX - Zinc Phosphate Process 
#98, METEX FILTER POWDER 
#29 METEX PAINT STRIPPER 1-19 
+30 METEX STRIP AID - For 
Stripping of Copper and Nickel 
— METEX 157 _ Phosphoric Acid Cleaner 
#32 MIRROFE - Chemical Steel Polish 
+43 — METEX M-600 - Alkaline Smut Remo 
and De-ruster 
£34 - LUSTRABRASS | 


Write For “Data | 


ud 


FOR 33 YEARS Originators FOR THE METAL FINISHING INDUSTRY 


ile, 


/ Ay 
\\\ 


Use this fast, safe Hooker Process 
for descaling steel and titanium 


Descale alloy steels and titanium in any form-——rapidly, safely—using the 
Hooker Process with Virgo® Descaling Salt. 

A bath of molten Virgo Descaling Salt quickly converts scale, rust, and 
other surface impurities to an acid-soluble coating. A quench, acid dip, 
and final spraying then remove this coating in from one-tenth to one- 
hundredth the usual pickling time, with no measurable effect on the 
base metal, 

You can easily set up the Hooker Process for batch or continuous opera- 
tion on any form of work including strip, sheets, bars, wire, tubes, plate, 
castings, forgings, and fabricated parts. You can usually process work as 
fast as your handling methods allow, with a minimum of supervision. 
Operation is safe for personnel, and there is little or no spent-acid dis- 
posal problem. 

You can profit by the experience of more than 50 companies now 
using the Hooker Process successfully to speed up descaling of alloy steels 
and titanium in practically every form, 

You'll get quick service on any descaling problem, by writing or pho- 
ning us. Complete test and engineering facilities are at your disposal, 
without obligation. 


user, No obligation. Write us today. 


1905— Half a Century of € themicals 
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TITANIUM STRIP is descaled continuously 
on time cycles as low as 30 seconds, 
with excellent results. 


Send for these bulletins—Get the whole story on Virgo 
Descaling Salt for alloy steels and titanium . . . how the 
Hooker Process works, its advantages, how to set up a 
Virgo descaling line, and the services you enjoy as a 


10-MINUTE IMMERSION loosens scale 
on 5 tons of stainless wire. A water 
quench, 3-minute acid dip, and final 
water rinse produce a clean, bright 
surface with no pitting or etching. 


LIGHT-GAUGE ALLOY STRIP is descaled 
at 20-35 ft. per min. in this Virgo 
bath, after annealing. 


HOOKER 


From the Salt of the Earth—1955 


HOOKER ELECTROCHEMICAL COMPANY CHEMICALS 


30 Forty-seventh St., Niegora Falls, N. Y. 


NIAGARA FALLS * TACOMA * MONTAGUE, MICH. * NEW YORK * CHICAGO + LOS ANGELES 
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4& Made from Bethlehem 67 Chisel, this die blonks ends 
for expanded steel joists. It turns out about 14,000 I-beam 
sections, varying in thickness from “4s in. to % in., before 
redressing is required. 67 Chisel is our popular chrome- 
tungsten shock-resisting steel. 


Die of A-H5, used in cold-blanking sheet steel to produce 
differential housings for trucks ond automobiles. Because 
A-H5 is an air-hardening steel, it has minimum size change 
in heat-treatment. It has 5 pct chromium, with | pct 
corbon. It resists wear and has good machinability. 


Bethlehem Tool Steel Fills the Bill 


Whether you’re looking for shock-resist- 
ance, wear-resistance, minimum distor- 
tion in heat-treatment, or some other 
characteristic, you'll find that your dis- 
tributor has a grade of Bethlehem Tool 
Steel that you can count on to meet 
your needs. 

When you use Bethlehem Tool Steel, 
you can select from more than forty indi- 
vidual types of steels included in our 
Carbon and Carbon-Vanadium, Oil- and 
Air-Hardening, Shock-Resisting, Hot- 
Work, High-Speed and Special-Purpose 
grades. It’s well to remember, too, that 
if in doubt as to the proper heat-treat- 
ment for any grade of Bethlehem Tool 


. . Weor-resistance and resistance to heat-checking and erosion in the extrusion of aluminum 
Steel, the experience of our metallurgical were the chief reasons for making this die of Cr-Mo-W (Chrome-Moly-Tungsten). Cr-Mo-W, 
staff is yours for the asking. © general-purpose hot-work tool steel, hos o 5 pct chromium content. 


BETHLEHEM ALLOY STEELS 
AIS! Standard Analyses . . . Special Analyses 


Bethlehem manufactures the full complement of AISI stand- 
ard alloy steels, as well as a wide range of special analyses. 
We are equipped to furnish both open-hearth and electric- 
furnace grades, hot-rolled and cold-finished. 

If you have a problem relating to alloy steels, their selec- 
tion or treatment, the experience of Bethlehem metallurgists 
is at your service. Our staff will gladly help you select the 
proper alloy steels, and is prepared to give unbiased advice on 
analyses, heat-treatment, machinability, and expected results. 
Please feel free to call upon us at any time. 


BETHLEHEM STEEL COMPANY, BETHLEHEM, PA. 
On the Pacific Coast Bethlehem products are sold by Bethlehem Pacific Coast 
Steel Corporation. Export Distributor: Bethlehem Steel Export Corporation 


BETHLEHEM STEEL 
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ANSCO SUPERAY “A” 

The first X-ray film designed ex- 
pressly for industrial radiography 
Fine grain... high contrast. . . 
excellent resolution, 


Designed for X-ray voltages to 
2000 or more kilovolts, and for 
gamma rays from radium or radio- 
active isotopes 


Recommended for studies of light 
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alloys, such as magnesium or alu- 
minum Castings. 


ANSCO SUPERAY “B" 

The first X-ray film designed spe- 
cifically for making detailed ex- 
aminations. 


Maximum radiographic detail . . . 
highest resolution maximum 
. For critical examina- 


tions where the ultimate in radio- 


contrast. 


For positive and casy interpretation . . 


almost any equipment. 


graphic results is essential. 


ANSCO SUPERAY “C” 

A non-screen type film for making 
direct-radiation exposures at pro- 
duction line speeds. 

High speed offers special advan- 
tages in gamma-ray radiography 
and in X-ray diffraction analysis 
Ideal as an economical testing 
method in routine inspections. 


blue base tint that reduces eye fatigue. 


Ansco 


Binghamton, New York. A Division of General Aniline & Film Corporation 
**From Research to Reality.”’ 


. for outstanding results with 
use Ansco Industrial X-Ray Films. All with 
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forgings and pressure die castings are in- 
creased greatly by multiple drilling, reaming, 
tapping, gang-milling, turning, broaching or 
knurling at the skilled hands of Titan 
machinists 

Equipment includes turret lathes and auto- 
matic chucking machines for producing fin- 
ished machine parts of volume, quality, 
economy and superb finish. For example, 
high-quality forgings are supplied by Titan 
ready for assembly—already precision- 
broached and gang-milled with multiple- 
drilled and tapped holes. 

When smaller quantities of fabricated 
parts are needed, Titan hand screw machine 
facilities come into play. Here, holding to 
closest tolerances and precision requirements 
is regular practice. 

Let us suggest how Titan machined parts 
may solve your assembly problems and cut 
costs. Write for more information. And send 
for new 40-page full-color booklet “Behind 
the Scenes,” Use the coupon below, 


| 
a Mac ] ned par S$ Appeal and usefulness of brass or aluminum 


Dept. F 
Titen Metal Monufacturing Co , Bellefonte, Pa 


Gentlemen Please send 40 page booklet 
Behind the Scenes 


Nome 


Tithe 


METAL MANUFACTURING COMPANY 
and Agencies i Principal 


cast 


Titan brass pressure die costings and bronze bro aluminum hond ser chine parts 
ing machines for pre- iad - Titan forging on 
Nave sparkie, | 
Am economy and 
— 
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The Park Chemical Company offers manufacturers a complete line of 
Heat Treating Products that are Laboratory Controlled under the 
supervision of their staff of chemists and metallurgists. These products 
; are serviced by Park’s Metallurgical Engineers. Their many years of 
experience in solving heat treating problems can help you. The Park 
man in your territory is ready to give you on-the-job service. Call him, 
or write us direct. 


~ A COMPLETE LINE OF HEAT TREATING MATERIALS 
; © WOODSIDE RAPID CARBURIZERS © TEMPERING and ISO-THERMAL 


Non-Burning Type QUENCHING SALTS | 
Charcoal Coke 
Specifications @ NO-CARB * NO-KASE * NO-SCALE | 

@ PARK-KASE LIQUID CARBURIZERS * NO-TRIDE 

: @ CARBON PRODUCTS 

a @ CYANIDE MIXTURES Coke * Lead Pot Carbon 

a ® NEUTRAL SALT BATHS @ KOLD GRIP POLISHING WHEEL | 

z.. @ HIGH SPEED STEEL HARDENING CEMENTS | 

SALTS PAR-KEM METAL CLEANERS 

* 3 _ PARK CHEMICAL CO., 8074 MILITARY, DETROIT 4, MICH. | 


REPRESENTATIVES IN PRINCIPAL CITIES 
DETROIT, MICHIGAN (main plant and office) PHILADELPHIA, PENNSYLVANIA (branch plant) HOUSTON, TEXAS 


; CHICAGO, ILLINOIS CINCINNATI, OHIO KANSAS CITY, MISSOURI 
a CLEVELAND, OHIO . MINNEAPOLIS, MINNESOTA ATLANTA, GEORGIA 
ath EAST LANSING, MICHIGAN LOS ANGELES, CALIFORNIA TULSA, OKLAHOMA 
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Cataract 
quench fur- 
nace for aus- 
tempering and 
martempering 


For any of these applications ... 


ALUMINIZING 
ANNEALING 
AUSTEMPERING 
BRAZING 
CARBURIZING 
CLEANING 
CYANIDE HARDENING 
CYCLIC ANNEALING 
DESCALING . . . DESANDING 


DRAWING 
HARDENING 
HEATING FOR 
FORGING AND FORMING 
MARTEMPERING 
FREE! SALT BATH SOLUTION HEAT TREATING 
Nandy dide chen. Write for Details including actual 
Write on company stationery. case history data for any job. 


AJAX ELECTRIC COMPANY 910 Frankford Avenue, Philadelphia 23, Pa. 


Associated Componies: Ajox Electric Furnace Corp. * Ajax Electrothermic Corp. * Ajax Engineering Corp. 
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It’s Fast 
It’s Thorough 
It’s Economical 


It’s your Best Buy in Degreasing Agents! 


Gall, TRICHLORethylene 


When you stack up all the advantages offered by 
Nialk TRICHLORethylene you'll understand why 
more and more companies are standardizing on it 
for metal parts degreasing. 


Versatile—the ideal organic solvent for removing 
practically every kind of foreign matter—waxes, 
greases, oils, gums, tars—even chips. Leaves parts 
clean, warm, dry, ready for assembly, inspection 
or surface treatment. 


Fast—Acts quickly, cleans and dries rapidly. Its 
low boiling point (86.6°-87.8°C, based on standard 
ASTM tests) permits vaporization at low steam 
temperatures. 


Thorough—Low viscosity (0.58 centipoises at 20°C) 
and low surface tension (about 29 dynes per cm at 
80°C) assure diffusion into pores and relatively in- 
accessible openings. 


Economical—Stable and completely usable after dis- 
tillation. Cuts power consumption . .. can be heated 
by gas, steam or electricity. Gives concentrated 
vapor at only 188°F. Specific heat is less than 44 
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that of water. Cuts vapor loss—high vapor density 
(4.5 times that of air) assures proper vapor level 
at all times. 


Safe —Has neither flash point nor fire point; classed 
as nonflammable at room temperatures, only 
moderately flammable at higher temperatures 
(Underwriters’ Laboratories rating 3). 


Order by the drum, carload or tank car. 
Deliveries can be made promptly. A 
request on your letterhead will bring 
you a free copy of our Nialk TRICHLOR- 
ethylene booklet. 


NIAGARA 
ALKALI COMPANY 


60 East 42nd Street 
New York 17, New York 
NIALK® Liquid Chlorine « NIALK Caustic Potash * NIALK Carbonate of Potash 


NIALK Paradichiorobenzene WNIALK Caustic Soda NIALK TRICHLORethylene 
NIAGATHAL® (Tetrachioro Phthalic Anhydride) 
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NEW MODERN, PRECISION BUILT MACHINES 
FOR THE METALLURGICAL LABORATORY 
ARE DESIGNED BY BUEHLER LTD. | 


NO. 1330 SPEED PRESS provides speedy and practical preparation of 
mounted specimens in either opaque bakelite or the crystal clear plastic 
compounds. Stainless steel mold assemblies produce 1”, 144", and 1/4” 
mountings. 


NO. 1114 SPECIMEN CUTTER with sludge trap, for table top mounting. 
Total enclosed cutting assembly. Specimen holder and adjustable 


clamps on swing arm with operating handle. Enclosed 2 HP ball 
bearing motor. 


NO. 1500 STANDARD POLISHER produces accurately polished speci- 
mens with speed and ease. 8” diameter bronze wheel mounted to 
Ya HP ball bearing motor. Speeds of 550 & 1150 r.p.m. 


NO. 1700 NEW AB ELECTRO POLISHER produces scratch-free speci- 
mens in a fraction of the time usually required for polishing. 
Speed with dependable results is obtained with both ferrous and 


non-ferrous samples. 


NO. 1251 DUO-BELT WET SURFACER is the most modern appo- 
ratus for the flat preparation of metallographic specimens. Two 
belts of different grits travel at speeds of 1600 & 3200 ft.p.m. 


NO. 1511-2 DELUXE POLISHING APPARATUS has convenience 
of desk-top height. Wash bowl, two 12” swing spouts, two 8” 
removable wheels... one standard 1500 F and one low 
speed 1505-2 F polishing heads. 


SEND FOR CATALOG OF OUR COMPLETE LINE. 


METALLURGICAL APPARATUS 


atl 2120 GREENWOOD STREET 
EVANSTON, ILLINOIS, U.S.A. 
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Over 600 of these rotor gates are die cast 
each day, thus producing over 4800 of the 
finely detniled rotors shown above in two- 
thirds actual size. 


The Toastmaster Products Division of 
McGraw Electric Company has a recipe for 
perfect toast with its new Super Deluxe 
Toaster. Merely place the bread in the toaster 

. » » it lowers the bread, starts it toasting 
and serves it up fast .. . all by itself! 


It's an amazing automaton, thanks to the tiny 
aluminum die cast rotor that is the heart of 
the small powerful motor that serves as the 
elevator for the bread. A KUX Model HP-20 
die casting machine was chosen to produce 
the rotors because of its long record of 
dependable service in turning out castings of 
fine detail and quality. As Toastmaster says, 
“the rotors meet the high standards demanded 
of every Toastmaster toaster part.” 


KUX produces a full range of 
modern die casting machines that 
require only the touch of a push 
button to put them automatically 
through a complete casting cycle 
that consistently turns out quality 
castings at high production 
speeds. Write for our detailed 
illustrated catalog. 


6725 Ridge Avenue, Chicago 26, Iilinois 
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The toaster you never need touch 


Toastmaster chose 


Kux 


die casting machines 


to make the heart of the motor... 


a tiny aluminum rotor 


MODEL HP-20 


Hydraulic cold chamber for aluminum, 
brass of magnesium castings. 400-ton 
die locking pressure, 173%4"217%" die 
space between bors. 


q 
— 
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KUX MACHINE Co. 


TAMUL 


of direct arc roofs 


TAMUL 
brick and special shapes do an out- 


(Taylor synthetic mullite) 


standing job of increasing roof life in 
direct arc electric steel melting furnaces. 

Complete TAMUL roofs, and roofs 
with TAMUL in the crit- 


ical areas, are proving economical in 


“balanced”’ 


furnaces ranging in size from the small- 


Exclusive Agents in Canada: 
REFRACTORIES ENGINEERING AND SUPPLIES, LTD, 
Hamilton and Montreal 


est to the largest now in use. In Michi- 
gan, an operator of a 6-ton furnace 
melting steel reports that his TAMUL 
roof gives four times longer service life 
than that obtained with silica brick. 


Contact your Taylor representative 
and get his recommendations on the 
possible applications of TAMUL in 
your furnaces. 


CH AS. TAYLOR SONS. 


A SUBSIDIARY OF NATIONAL LEAD COMPANY 
REFRACTORIES SINCE 1864 + CINCINNATI * OHIO + USA 
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FISHING FOR WAYS CUT 
ELECTROPLATING COSTS? 


KNICKERBOCKER FOUND IN TEST THAT IT CAN 


@ Cut cost of solution correction 
@ Cut Power Costs by 1/3 or Boost Production! 
WITH 


“PLUS-4" ANODES 


(PHOSPHORIZED COPPER) 


The Knickerbocker Electrotype Co. of New York filled its Tank 
No. 1 with AnacondA “Plus-4” Phosphorized Copper Anodes, set 
up Tank No, 2 as a control, using only electric tough pitch copper 


anodes, Solution concentrations are tested and corrections made 
weekly—and consistently Tank No. 1 with the “Plus-4” Anodes has 
shown the better record. 

After five months of testing, Mr. William Welsh, foreman of 
the plating department, expressed his satisfaction with “Plus-4” 
Anodes and made this statement: “Using regular anodes, we 


must hold our cathodes at least 4% inches from the anodes. 
This is necessary because the sludge from the old anodes will fall 
on our work and cause roughness, With the new ‘Plus-4’ Anode, 
there being no loose sludge, we could work much closer—only 3 
inches away — which would reduce the resistance by Ys — which 
would in turn reduce our power costs by about the same proportion. 


This would also reduce the heat generated by a like proportion.” 

Mr. Welsh explained that because Knickerbocker uses thermo- 
plastic molds, heat is important—the tanks must run no higher than 
Y5F to prevent warping. As an alternate to reducing power, he 
explained that he could use the same power and run plates through 
faster, increasing production, 55142 


WHY PLATING WITH “PLUS-4’ ANODES COSTS LESS! 


+- 1 no anode sludge (no “bagging” or diaphragms required) 


+ 2 no copper “build-up” in solution 
+ 3 smooth, heavy cathode deposits 
+ 4 up to 15% more cathode deposit per anode 


SEE FOR YOURSELF — For details on how you can get a test supply of “Plus-4” 
Anodes sufficient to fill one tank, write to The American Brass Company, Waterbury 
20, Conn. In Canada; Anaconda American Brass Ltd., New Toronto, Ont. 


‘‘PLUS-4"' ANODES 
A PRODUCT OF 


ANACONDA 


made by The American Brass Company 
For use under Patent No, 2,689,216 


Here is o ‘'Plus-4” ‘fish’ pulled out of a Knickerbocker tank. It measures 
170” at the thickest part at the bottom and .058” at the thinnest point. This 
remnant of o 40-lb, anode weighs only 2 Ib., 3 oz. “Plus-4 Anodes corrode this 


way regularly—onother indication of the superior job they can do for you 
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FOREWORD 


Thus is the Second Supplement to the 1948 edition of the 
Metals Handbook. Like the 1954 Supplement, this volume is intended to 
increase the usefulness of the Handbook by bringing up to date the 
information on specific subjects in which scientific and technological 
progress has been great, and by introducing new subjects 


of current interest. 


Following publication of the First Supplement, the Metals Handbook 
Committee made a further selection of subjects important for 
the next complete Handbook and appointed 19 author committees 
to deal with the selected topics. As in 1954 the committees’ contributions 
are presented first in a Supplement, rather than being held until 
the entire revised Handbook is completed. 

It has been by the faithful work and cooperation of the members 
and others that the Society has been able to produce the 
Metals Handbook and its Supplements. The Board of Trustees wishes 
to express its sincere appreciation to all the committeemen and members 
of the American Society for Metals who have contributed so 
generously in assembling the information contained in the reports of 


the various committees. 


Georce A. Rosenrrs 


President, American Society for Metals 
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Aimed right at your alloy needs 


the world’s largest 


Thousands of tons of certified alloy steel in 1698 
different sizes, shapes, analyses and conditions 
await your call at Ryerson. 

New leaded alloys are on hand in three dif- 
ferent carbon ranges. Standard analysis steels 
are supplemented by a wide range of aircraft 
quality alloys. No matter what your alloy re- 
quirement, you can depend on Ryerson for quick 
delivery of highest quality steel. 

Every bar has been spark tested and iden- 
tified with its own heat symbol—every heat has 
been hardenability tested for you as part of an 
8-step quality control plan. And should problems 
of application or fabrication arise, Ryerson alloy 


alloy steel stocks 


metallurgists will gladly put years of practical 
experience to work for you. 

No order is too large to fill from stock, no 
order too small for quick personal service—so, 
next time you need alloy steel call your nearby 
Ryerson plant. 


PRINCIPAL PRODUCTS 


CARBON STEEL BARS — Hot STRUCTURALS — Chonnels, 
rolled & cold finished. angles, beoms, etc 


ALLOYS —Hot rolled, cold fin- 
ished, heot treated. 


STAINLESS — Allegheny bors, 
plotes, sheets, tubes, etc. 


—Seaomless & welded, 
mechanical & boiler tubes. 


PLATES — Mony types including 
Inland 4-Way Sofety Plate 


SHEETS —Hot & cold rolled, 
many types & cootings 


MACHINERY & TOOLS — For 
metal fabrication. 


RYERSON STEEL 


JOSEPH T. RYERSON & SON, INC. PLANTS AT; NEW YORK ¢ BOSTON © PHILADELPHIA © CHARLOTTE, N. C. © CINCINNATI © CLEVELAND 
DETROIT © PITTSBURGH © BUFFALO © CHICAGO © MILWAUKEE © ST. LOUIS © LOS ANGELES © SAN FRANCISCO © SPOKANE « SEATTLE 
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THIS ARTICLE deals with the selec- 
tion of both cold rolled and hot rolled 
low-carbon sheet steels of the types and 
qualities used for stampings 

Selection is discussed from the point 
of view of the measurable formability 
required to make parts of specific form- 
ing severity. Mechanical properties are 
correlated with formability, and the 
percentage stretch of the metal in the 
die is the measure of forming severity 
Also discussed from the viewpoint of 
their effect on formability are surface 
finish of the sheet, directionality, grain 
size and aging, together with processing 
effects such as speed of forming, sheared 
edges, lubrication and tooling 


Severity Classification 


Even in normal times it is difficult to 
select the most economical class of steel 
for individual parts with requirements 
that may vary from mild bending to 
severe drawing. In times of steel short- 
age the problem is overwhelming. Selec- 
tion can be greatly simplified, however, 
by using a system of severity classifica- 
tion to correlate the severity of the 
forming operation with the mechanical 
properties of the steel. The benefits to 
be derived from the severity classifica- 
tion are these: more accurate estimates 
of cost can be made in advance because 
choice of the proper steel is assured; 
quality of incoming steel can be con- 
trolled more closely; and rejected or 
substandard steels may be reclassified 
and allocated to other parts of less 
severity on a definite basis 

By use of the severity classification 
system* shown in Table I, any of seven 
forming severities can be associated 
with definite mechanical properties of 
one of the five classes of cold rolled 
steels used for formed parts. For hot 
rolled steels, Table II is used similarly 
to select properties for one of the four 
corresponding classes of forming se- 
verity 

The best way to build the file of data 
and experience necessary for quick and 

*Developed originally by Paul G. Nelson 
of The Budd Co 


The Selection of Sheet Steel for Formability 


By the ASM Committee on Formability of Sheet Steel 


Subdivisions 


Severity Classification ....... 1 
Examples of Selection ....... 2 
Selection of Test Specimen .. 3 


3 
Rockwell B Hardness _........ 4 
Tensile Strength ........ ocak 
Vield Point 
Desired Properties ........... 6 
6 
Stretcher Strains ............ 7 
Grain Size . 
Variations in Thickness 9 
9 
Die Design 
Speed of Forming ........... 10 
Lubrication . 
Minimum Bend Radius ......11 
Allowable Reduction of 


ASM-SLA Q23, G4, ST 


accurate classification of new parts is 
first to classify existing production 
parts. Severities of class 1 and class 2 
are easily identified visually. Severities 
of classes 3 to 6K inclusive require a 
correlation of the performance with 
mechanical properties of steel in suffi- 


cient variety to establish limits, or a 
measurement of the stretch in the 
critical areas, as described in later 
paragraphs. 


In the bidding stage on new parts, the 
estimated severity classification of the 
part should be arrived at by comparison 
with similar parts of known severity 
Later, when the die drawing or a plaster 
cast of the die is available, a more 


This is a new subject for the ASM 
Metals Handbook 


accurate tentative severity classification 
should be made by comparing the actu- 
al shape with that of similar parts, so 
that the first order for steel can be 
placed 

In 5 to 10% of all selections of steel 
for the initial order, the severity of the 
part will prove deceptive. Therefore 
classification at the first two stages 
should be liberal. For example, if there 
is some question whether a stamping is 
of class 3 or class 4 severity, it should 
be rated as severity 4 and the corre- 
sponding steel chosen from Table I or I 

Establishing the final severity rating 
of classes 3 to 6K inclusive requires a 
measurement of stretch in the critical 
areas or, better still, a correlation of 
performance with mechanical proper- 
ties. When performance is correlated 
with properties, average and below- 
average steel ‘Pig. 1) of successively 
poorer classes should be tried until 
material is found that gives unsatis- 
factory performance. Then the poorest 
class that will just meet requirements 
can be identified 

Whenever scrap loss because of form- 
ing difficulties is from 1 to 2%, the steel 
has been selected correctly and, using 
Table I or II, ita properties determine 
the severity of the part. Conversely, if 
severity is known, the properties of the 
metal can be determined from the table 

When there is little or no scrap joss 
because of forming difficulties, a lower 
class of steel may often be substituted 
at a saving. When a scrap loss of 1 to 


2% indicates correct selection, the per- 
centage stretch of the metal during 
forming ‘as measured from a 1-in 


square grid pattern scribed or rubber- 
stamped on the unformed blank, as 
shown in Fig. 2, will conform to the 
mechanical properties indicated in 
Table I or II in almost every instance 
Measurements of stretch taken over 
longer gage lengths will give lower 
average values, rather than the critical 
maximum value. Conversely, measure- 
ments of stretch made over lengths of 
% in. or leas may give values con- 
siderably higher than those listed in 
Tables I and II. 
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Table L 


Severity Classification for Cold Rolled 1008 Steel Sheet Up to 0.062 In. Thick 


Type of Severity Minimum Maximum 
Severity Forming of Bend Olsen Rockwell B 
Operation or Stretch'*) Cup," in. Hardness 


-———Class of Cold Rolled 1008 Steel Sheet‘*’ 


Up to OO1l-in. radius min __...... 
180-deg bend 

Drawing 10% max 0.340 
Drawing 10 to 20% 0.365 
Drawing 20 to 30% 0.385 
SR(CR).... Drawing 30 to 35% 0.390 
5K (CR) Drawing with 30 to 35% 0.385 

possible 

buckling 
6K (CR) Drawing with 35 to 40% 0.400 


possible 
buckling 


(a) These values are based on the greatest percentage stretch 
of the metal as measured between lines which, before forming, 
are marked on the blank as a grid pattern of l-in. squares. The 
values do not apply to stretch measured over either longer or 
shorter gage lengths. (b) Values shown are for 0.036-in. thick- 
ness. The corresponding values for other thicknesses may be 
read from the graph of Olsen cup values vs thickness (Fig. 4). 
(c) Exposed or “outside” parts must retain an acceptably smooth 
appearance after forming. In unexposed or “inside” parts, wrin- 


At the time of die tryout and during 
the first production run, stretch in 
critical areas should be measured and 
performance recorded in order to estab- 
lish an accurate severity classification 
and thus enable the final selection of 
the lowest usable quality of steel 
Further study and possible revision of 
the rating may be necessary later if 


is changed 


the 


gage, blank size, press speed or the die 


The steels listed in Tables I and II 
will almost always make parts of the 
described severities 
chanical properties listed are the gov- 
erning factors, and cheaper steel with 
required mechanical 
often can be purchased to 


Exposed Part Unexposed Part 


Commercial quality, rimmed 
and temper passed‘*’ 
65 Commercial quality, rimmed 


and temper passed‘'’ 


Commercial quality, 
rimmed, annealed'‘*’ 

Commercial quality, 
rimmed, annealed‘ 


55 Commercial quality, rimmed Commercial quality, 
and temper passed‘*) rimmed, annealed 
50 Drawing quality, rimmed Commercial quality, 
and temper passed rimmed, annealed'* 
45 Drawing quality, rimmed Drawing quality, 


and temper passed'‘*) rimmed, annealed‘ 


47°») Drawing quality, killed and Drawing quality, killed 
temper passed and temper passed 

42 Drawing quality, killed and Drawing quality, killed 
temper passed‘*) and temper passed'*’ 

kles, stretcher strains or other defects in appearance are per- 


mitted. (d) The acceptable value of hardness for 90-deg bends 
parallel with the direction of rolling is Rockwell B 70 max. (e) 
1020 steel can also be used but 1008 or 1010 may cost less. (f) 1010 
steel is also suitable. (g) Steels of the required mechanical prop- 
erties are not available from ali suppliers in all sections of the 
country. (h) The yield point and elastic ratio are more favorable 
than for severity 5R (drawing quality, rimmed steel), as shown 
in Table Ill 


part. The 1008 steel, preferred in all 
classes, is usually less expensive than 
1020 and 1030, which appear in some 
instances in Tables I and II. These 
steels of higher carbon content are 
sometimes specified in stressed parts 
because of their higher yield point and 
tensile strength. 


However, the me- 


properties 
make the 


Examples of Selection 


| When the steel has been properly 
-+ -4—4 Renge |Special selected, any steel of lower mechanical 
OABO} 4 Rockwell Killed \Rimmed\Qualit properties will give a rejection or scrap 
rate that increases costs, and any steel 
34 of higher mechanical] properties may in- 
58 to 45 crease cost directly through the higher 
¥ i price of the steel. Examples of proper 
++ 46 to 50 Jiveroge Average v3 selection, covering the seven severity 
aseol-+ 5) to 55 | Below Average classifications for cold rolled steel and 
the four severity classifications for hot 
. +--+ 56 to 60 eorogs) rolled steel, are illustrated by the ex- 
$ 0420 amples and accompanying data dis- 
G Fig. 1. Approrimate played on pages 3 to 11. In each 
lustration the reentage stretch is 
Rating of Sheet Steel il pe 8 
8 0.400}4 } +—+ uality, Based on indicated, and the properties of the 
? | | we uctility (Olsen Cup steel represent the minimum require- 
| Example: This line represents the Tests) and Range o/ ments to make the part in accordance 
0.380 4 minimum expected cup value for Rockwell B Hardness with Tables I and II. 
steel in the hardness range of The data are for cold Complete results of the tests of each 
|. Rockwell B 46 to 5O. It is below rolled 1008 steel of part should be recorded and filed in 
three types: special order to determine the minim 
asso + average for drawing quality killed; drawing qual- num me- 
rimmed and above average for ity rimmed: and chanical properties required to make 
= i on ee commercial quality, commercial quality, the part and thus verify the severity 
ODIO “immed. See also rating. Such records may be summa- 


Metal Thickness ,in 


fect of sheet thick- 
ness in Fig. 4. 


Table II. Severity Classification for Hot Rolled Steel Sheet Up to 0.250 In. Thick 


rized conveniently in graphical form as 


Type of Minimum Maximum Class of 
Severity Forming Elongation Rockwell B Hot Rolled 
Class Operation Severity of Bend'*’ or Stretch'' in % Hardness Rimmed Steel” 


1 (HR) 90-deg bend 1 t radius min up to 0.000 in, thick owe 80 Commercial quality 
2 t radius min up to 0.250 in. thick 1008 to 1030 

if | 90-deg bend 1'% t radius min up to 0.250 in. thick 30 68 Commercial quality 
180-deg bend 44 t radius min up to 0,090 in. thick 1008 to 1015 
Drawing 10% max 

3 (HR) Drawing 10 to 20% 35 60 Commercial quality 

1008 
Drawing 20 to 30% 40 55 


(a) Bend radii given are for bend axis parallel with rolling 
direction. For bends transverse to rolling direction, see Table VI 
ib) These values are based on the greatest percentage stretch 
of the metal as measured between lines which, before forming, 
are marked on the blank as a grid pattern of l-in. squares. The 
above values do not apply to stretch measured over either 


Drawing quality 
008 


longer or shorter gage lengths. (c) Values shown are for thick- 
ness of 0.090 in. Corresponding values for other thicknesses may 
be read from the curve for hot rolled steel in Fig. 4. (d) Com- 
mercial quality is normally rimmed but may be capped steel. 
Drawing quality is normally rimmed but may be capped, semi- 
killed or killed. 
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shown in the histograms of Fig. 3 
These provide a statistical record of 
the properties of steel shipped by one 
supplier. The vertical lines labeled 
“min” and “max” indicate specified 
property limits originally thought neces- 
sary to make the part. Entries for prop- 
erties of shipments that actually proved 
unsatisfactory for making the part are 
shown in double crosshatching. The 
part, shown at the top left of Fig. 3. 
was a cowl side made of drawing quality 
cold rolled steel, 0.034 in. thick. A maxi- 
mum stretch of 28%, class 4 (CR) 
severity, occurred in the two bottom 
corners 

This form of presentation simplifies 
identification of the properties that 
cause steel failure in forming and em- 
phasizes the comparison between in- 
adequate properties and those specified 
In addition, there is an indication of 
the range of properties to be expected 
in a series ot shipments 


Selection of Properties 


The Rockwell hardness and the Olsen 
cup tests are usually the first, and fre- 
quently the only, formability tests made 
on either incoming steel or on steel that 
is causing an unacceptable number of 
rejected parts at the press. These tests 
are not always an exact measure of 
formability, but even in unusual in- 
stances they are approximately correct 
and therefore useful because they re- 
quire a minimum of steel and of speci- 
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mens for testing, and are made quickly 
on relatively inexpensive machines. 
When properly interpreted, the full 
data obtained from the tension test 
give an accurate and complete measure 
of formability —a measure considered 
inadequate at times, when actually 
maintenance of dies or equipment is at 
fault, or when samples are taken with- 
out regard to the nonuniformity in 
properties across the width of the sheet. 
One in about 10,000 stampings is en- 


tirely too severe to be made, and for 


Stampings Typical of Severity Class 1(CR) 


Part 2 ar. 


Olsen Rimmed 

Part Rockwell B Cup, CR Steel 
No. Part Name Exposed Hardness in. Selected 
1 Wheel half, toy Yes 8O MAX CQ, tp 

2 Bracket No  sesas CQ, ann 

3 Fender splash shield No | sere CQ, ann 

4 Fender apron panel No .- CQ, ann 


such parts the slightest variation in 
steel quality or thickness, die finish, 
die bearing, die pressure or lubrication 
will cause breakage. The proper solu- 
tion is not to improve formabilty tests 
or to select a more formable steel but 
to improve die design, change the shape 
of the part or increase the number of 
forming operations and reduce the 
severity of each 

Selection of the Test Specimen is 
as important as the test itself. The 
specimen should be representative of 
the sheet. In large coils the ends 
differ in properties from the body 
of the coil; therefore test specimens 
should be cut after uncoiling 50 to 100 
ft, again near the center and again 
from the inside coil end. Hardness is 
usually less at the edges of both sheets 
and coils than at central locations, par- 
ticularly in rimmed steel. Furthermore 
the severest stretch in a stamping takes 
place well in from the edge, so the test 
specimens should be taken from the 
central three fourths of the width 

Specimens for cup tests should be 
long enough to make two tests or more 
at least 12 in. apart across the width of 
the sheet or coil. For tension tests, one 
or two specimens should be cut paralle! 
to, and another perpendicular to, the 
direction of rolling. When tests and 
performance do not correlate, hardness 
and cup tests should be made at fre- 
quent intervals across the sheet, par- 
ticularly in the area in line with the 
breakage, to check the uniformity of 
properties. Also, tension tests should be 
made in the area of breakage 

The Olsen Cup Test is made on a 
sheet specimen 3%, in. wide held be- 
tween flat ring dies of 1-in. inside diam 
A ball of %,-in. diam is pushed progres- 
sively against the sheet to form a cup 
while the punch load and height of 
cup are indicated continuously. The 
Olsen cup value recorded is the height 
of the cup in thousandths of an inch at 
the instant the punch load starts to 
drop suddenly. Load values are not 


Fig. 2. Close-Up View of Oil Pan 
Showing Area of Greatest Stretch 
During Forming (32% in 1 In.). A 


orid of 1-in. squares inscribed on 

the unformed sheet served as a ref- 

erence for measurements of stretch 
after forming 


otherwise significant. Some laboratories 
read the cup height at visible fracture, 
which results in cup values higher by 
0.010 to 0.020 in. and presents greater 
difficulty in duplicating results. Sheet 
thicknesses for the standard Olsen cup 
test are limited to 0.062 in., because of 
the clearance between the ball and ring 
Tests on thicker sheet, using larger 
ring dies, seem to be an unreliable 
measure of formability. The cup height 
is a fair measure of relative formability 
of different sheet thicknesses when 
corrected for thickness according to 
Pig. 4. The variation of cup height with 
both thickness and metal quality is 
also shown in Pig. 1 

Those experienced in using this teat 
can predict the approximate coarsening 


behavior of the steel after forming, by 
examination of the sides of the cup 
With grain size of ASTM 8 to 9 the 
sides are smooth. With grain size 7 
there is moderately heavy roughening 
which becomes progressively coarser as 
grain size increases. Mild directionality 


of the sheet is 
of nonuniform 


predictable on the basis 
necking down around 
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Stampings Typical of Severity Class 2(CR) 


Stretch 


Part & 


8% Stretch 


anes Part 9 


Part Rockwell B Olsen 
No. Part Name Exposed Hardness Cup, in Rimmed Cold Rolled Steel Selected 


5 Shelf panel No 65 max 0.335 min Commercial quality, annealed 

6 Broom plate Yes 65 max 0.337 min Commercial quality, temper passed 
7 Stone deflector end............6665- Yes 68 max 0.355 min Commercial quality, temper passed 
8 Engine shield No 65 max 0.340 min Commercial quality, annealed 

9 Front seat side shield Yes 65 max 0.340 min Commercial quality, temper passed 
10 


Quarter pane! filler No 65 max 0.340 min Commercial quality 


, annealed 


the periphery of the fracture zone reliable on sheet as thin as 0.030 in., of testing should be constant at about 
Stretcher strain marking in the flat but below this the Rockwell F scale ‘ to '» ipm. It is desirable to use auto- 
portion immediately adjacent to the should be used to avoid error because of graphic equipment that draws a com- 
cup means that the steel may flute or the anvil. Hardness correlates fairly plete diagram of load versus extension 
form stretcher strains when drawn well with tensile strength but is also’ with the strain magnified 10 to 1 and 
Rockwell B Hardness readings are affected by the yield strength. In addi- with the load coordinate at least 8 in. 
tion, hardness is one of the indications high. Otherwise, a low-magnification 
of the spring back that may be expected’ strain gage may be used to determine 
on an operation. A 10-point hardness the yield point elongation, uniform 
range is usually satisfactory to meet elongation and the yield point when the 
ordinary tolerances. load-extension diagram is smooth 
Tension Test specimens should be The determination of yield point is 
made according to the ASTM standard complicated by the variety of load- 
specimen shown in Fig. 2 on page 87 of extension contours, which depend on 
the 1948 Metals Handbook. Some fabri- the condition of the steel. In steels 
cators blank out the test specimens with with a drop-in-load and a horizontal 
a die and finish the edges within the portion, or with a horizontal portion 
gage length by draw filing. The speed only, the yield point is taken as the 


This cowl side is 
shown as Part 21 
in the group of 
stampings typical 
of severity class 4 
(CR) on page 6 
Maximum stretch, 
28%, is at the bot- 
tom corners, See 
distribution of 
steel properties in 
Fig. 3 below. 


min | 


| 


| 


| 


t¢ 
2a 40 40 44 48 54 58 6: 64 ‘4 “4 4448 452 Se 44 
Treaness, in Yield Strength, 1000 ps: Tensile Strength, (OOO psi Rate of to Tensile Strength, % Elongation, % in2 in swell 8 Hordne sen Cup.in 


Fig. 3. Distribution of Properties of Steel from Various Shipments Supplied by a Single Mill, and Acceptability for Mak- 
ing the Part Shown at Left Above the Histograms. Vertical lines labeled “Min” and “Max” indicate specified property 
limits originally thought my 4 to make the part. Entries for SS of shipments that actually proved unsatis- 
factory for making the part are shown in double crosshatching. The entries more closely crosshatc hed in one direction 
indicate shipments that made the part satisfactorily although falling outside the original specification limits. 
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4 
Part 5 Part 6 
; 
Sin 8% Streich 
4 
r 3 in 4 
: — Ae 
Min Max | | Mon | Min | Mox | Max Min 
| 


Part 11 


Part 14 


Part Name 


Reinforcement 


12 Lock pillar 

13 Stone deflector ; 

14 Truck corner reinforcement 
15 Outer deck lid 


Tractor hood top 


average stress in the horizontal portion, 
as shown in (a) and (b) of Pig. 5. In 
steels with a jog in the curve, the yield 
point is the stress at the bottom of the 
jog, as in (c) of Pig. 5. In steels with a 
smooth curve, the yield point is chosen 
arbitrarily as the stress at 05% ex- 
tension under load, as in /d) of Fig. 5. 

Tensile Strength is important in 
formability; and the higher it is, the 
better, if other properties are favorable. 

Yield Point is very significant and is 
best at its lowest value if other proper- 
ties are favorable. For example, low 
yield point resulting from exceptionally 
large grain size is undesirable, since the 
surface will become very rough (be- 
cause of “orange peel”) after forming, 
and the elongation and tensile strength 


will be too low. Steel low in yield 

0460 
5 42 +4410 420 
Elongation (HA 4 

Elongation (CR) 0.380 
g 
10.340 
ser Cup 
300 Sa Thickness Min) 
30 
O 40 AO 120 1460 200 


Sheet Thickness ,O OO! in 


Fig. 4. Effect of Thickness on Elon- 
gation and Olsen Cup Values. Data 
shown are those desired for sheet of 
drawing quality, either rimmed or 
killed, with separate curves for cold 
hot rolled steel 


rolled an 


Part 12 


(3% Stretch 


tretcn 


Part 15 


Rockwell B 
Hardness 


“up 


Olsen 
in Rimmed Cold Rolled Steel Selected 


Partlé 45m 


point deforms easily in compression, 
so there is less tendency for buckles to 
form or to remain. 

Upper Yield Point is often reported 
when the steel exhibits a drop in load 
at the yield point. The value obtained 
is very sensitive to specimen alignment. 
This property has no significance except 
to indicate the tendency of the steel 
to form stretcher strains 

Elastic Ratio (the yield point divided 
by the tensile strength) is important 
for any type of severe stretching. The 
lower this value, the greater the spread 
between yield strength and tensile 
strength, and the more suitable the steel 
for severe forming. In steel with a low 
elastic ratio the stretching is more 
evenly distributed between moderately 
and highly stressed areas of the stamp- 
ing, rather than being concentrated at 
only the highly stressed areas. 

Elongation is a direct measure of 
ductility in stretching, and therefore, if 


9 
(a) (b) 


max 0.395 min Commercial quality, annealed 
ee No 55 max 0.355 min Commercial quality, annealed 
Yes 55 max 0.380 min Commercial quality, temper passed 
No 55 max 0.395 min Commercial quality, annealed 
e0 Yes 55 max 0.360 min Commercial quality, temper passed 
ee Yes 55 max 0.380 min Commercial quality, temper passed 


other properties are favorable, the steel 
with the highest elongation is the most 


formable. Elongation increases with in- 
creasing thickness of sheet in the 
manner shown in Pig. 4. The actual 


values are those desired for drawing 
quality steel, either rimmed or killed 
As might be expected, increasing the 
thickness of sheet adds slightly to the 
average expected formability of the 
steel. However, adding thickness is a 
very costly way to gain formability 
Uniform Elongation is correlated 
closely and directly with the amount 
of deformation that can occur before 
localized necking, beyond which form- 
ing operations are undesirable or un- 
safe. It is measured on the load-ex- 
tension diagram to the point at which 
the load falls rapidly from a maximum 
to final rupture. (This is shown in Pig 
1 on page 106, 1948 Metals Handbook.) 
Vield Point Elongation is the per- 
centage of elongation that occurs during 


Yield 


Point 


(d) 


5% Extension 


Fig. 5. Typical Load-Ertension Diagrams for Standard Tensile Specimens of 


Low-Carbon Sheet Steel. See tert for discussion of the four types of curves 
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Stampings Typical of Severity Class 3(CR) 
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Swetch = Part 13 
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Part 17 


0034 in 
2O% Stretch 


Part 
No. Part Name 


Front fender 
18 Hood hinge bracket 
19 Truck radiator grill 
20 Radiator support 
21 Cowl side 

22 Valve cover 

23 Wheelhouse 


Stampings Typical of Severity Class 4(CR) 


Part 19 


Part 18 


Part 22 


Rockwell B 


Exposed Hardness Cup 


Yes 50 max 0.385 
No 50 max 0.445 
Yes 50 max 0.400 
No 50 max 0.400 
Yes 48 max 0.390 
Yes 50 max 0.400 
No 50 max 0.380 


Olsen 


Part 20 


26% Stretch 


Part 23 


in Rimmed Cold Rolled Steel Selected 


min Drawing quality, temper passed 
min Commercial quality, annealed 
min Drawing quality, temper passed 
min Commercial quality, annealed 
min Drawing quality, temper passed 
min Drawing quality, temper passed 
min Drawing quality, annealed 


yielding in steel that exhibits a sharp 
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yield point. It is a direct measure of 
the depth or intensity of stretcher 
strains that will develop in lightly 
formed areas. Even a small yield point 
elongation is therefore undesirable in 
exposed parts, and must be eliminated 
by roller leveling with a break roll in 
order to obtain a satisfactory surface 
finish. Yield point elongation is of 
slight significance in formability 
Desired Properties are mechanical 
properties necessary in a class of steel 
to insure efficient pressroom production. 
They represent reasonably good values 
chosen from the range usually supplied, 
rather than premium qualities at pre- 


Class of Steel 


mium prices. The desired mechanical 
properties of classes of steel ordered to 
quality standards are given in Table 
Ill. This table, with particular refer- 
ence to sheet thickness of 0.036 in., 
covers cold rolled steel used for a vari- 
ety of formed parts. In addition, the 
ranges of Olsen cup and Rockwell B 
hardness are given in Fig. 1 for above- 
average, average, and below-average 
quality of cold rolled steel in special 
killed, drawing quality and commercial 
quality classes of various thicknesses 
Direction of Rolling. The ductility of 
sheet steel, as measured by the total 
elongation, the uniform elongation and 
the elastic ratio, is generally slightly 


Table Ill. Desired Properties of Cold Rolled Sheet Steel for Forming 


Rockwell Yield Tensile 


better in the direction of rolling than 
in the transverse direction. Therefore, 
whenever it is feasible from the stand- 
point of cost, blanks for stampings 
should be laid out so the critical stretch 
is parallel to the direction of rolling. 


Killed Steel 


As defined in the AISI Steel Products 
Manual on Carbon Steel Sheets, killed 
steel is generally a low-carbon alumi- 
num-killed steel, although the producer 
sometimes uses other deoxidizers to 
obtain the proper characteristics. Killed 
steel is intended for applications where 
cold rolled or coated sheets must be 


Total Uniform Olsen 


B Strength,'*) Strength Elastic Elongation’ Elongation Cup,"' 


Hardness psi psi 


Commercial quality, rimmed and annealed 50 35,000 42,000 
Commercial quality, rimmed and temper passed 55 35,000 44,000 
Drawing quality, rimmed and annealed 45 32,000 41,000 
Drawing quality, rimmed and temper passed 48 30,000 42,000 
Drawing quality, killed and temper passed 45 25,000 41,000 


Ratio in 2 In., “ 


in 2 In., % in 


0.85 37 23 0.380 
0.80 35 19 0.370 
0.75 41 25 0.400 
0.70 39 23 0.390 
0.60 41 26 0.400 


(a) The yield strength given is in the rolling direction. The given are for 0.036-in. thickness. For corresponding values of 
elongation and Olsen cup of other thicknesses, see Fig. 4. 


value in the transverse direction is 2000 psi higher. (b) The values 


7 
VA 
/ 0042 in * retcn 4 
Fd 
Part 21 
all 


free from significant changes in me- 
chanical properties (strain aging) for 
a long time; where stretcher strains 
without roller leveling are not per- 
mitted; or where better mechanical 
properties are desired for operations 
too severe for rimmed steel of drawing 
quality. It is a steel of premium price. 

Generally, killed steel has mechani- 
cal properties superior to rimmed steel 
of drawing quality (particularly, it has 
low yield point and elastic ratio) and 
has better formability and performance, 
less tendency to form buckles, and is 
usually free from aging. However, in- 
ferior surface properties and more sur- 
face defects can be expected from killed 
steel than from rimmed steel, with 
consequent higher scrap or repair loss 
because of these defects, although sur- 
face defects have decreased greatly 
during the past year. Also, panels pro- 
duced from aluminum-killed steel are 
usually less resistant to handling dam- 
age and “oil can”, because of the lower 
yield strength of this steel 

Most major producers of stampings 
restrict the use of aluminum-killed 
steel to the most severe draws, to low- 
volume parts when the steel inventory 
cannot be used before aging begins in 
rimmed steel, and to small or irregu- 
larly shaped parts for which sheet can- 
not be roller leveled successfully 

Specifying killed steel is not neces- 
sarily an assurance that all sources of 
difficulty will be removed. Killed steel 


Stampings Typical of Severity Class 5 R(CR) 


Part 24 


Part 26 
Part 
No. Part Name Exposed 
24 Inner deck lid cee No 
25 Truck fender - Yes 
26 Oil pan , No 
27 Center pillar : Yes 


can be produced improperly with re- 


equi-axed grain structure 
ers and a tendency to strain age 


be present and it may be impossible to 
remove them by roller leveling 


Fig. 6. Stretcher Strains in a Sheet Steel Part. %, actual size 


To assure optimum performance, 
killed steel should have a fine, flat 
elongated grain; ASTM grain size 7 to 
8 is preferred. Stretcher strains may 
often be removed by roller leveling if 
the size and shape of the blank permit 
However, this is the responsibility of 
the supplier, since one of the properties 
expected is usability without roller 
leveling 


Stretcher Strains 


Stretcher strains, Liiders lines, the 
Piobert effect or (in shop parlance) 
“worms” are all characteristic markings 
that appear on the surface of low- 
carbon steel that has been annealed as 
a final mill operation (Pig. 6). These 
lines appear during the early stages of 
stretching and nearly disappear as the 
stretch exceeds 5 to 10°. In tension the 
lines are depressions in the surface, in 
compression they are raised, and in 
bending the same phenomenon causes 
flutes or kinks. Stretcher strains have 
no harmful effect on strength. In 
stampings that are exposed in service, 
stretcher strains are generally unac- 
ceptable because they show clearly 
through the paint 

Stretcher strains can be eliminated by 
a temper pass of about 1% cold re- 
duction after the final anneal. Elimi- 
nation is normally permanent in killed 
steel, but in rimmed steel, stretcher 
strains are almost certain to return 
objectionably in one week or less, de- 
pending somewhat on the amount of 
temper pass the temperature vari- 
ables such as high nitrogen because of 
steelmaking practice, and the amount of 
forming in the stamping 

Stretcher strains can be eliminated 
from temper-passed rimmed steel and 
from insufficiently temper-passed killed 
steel by roller leveling through a Budd- 
McKay or United-Voss type of machine 
that flexes the sheet in bending enough 
to remove the sharp yield point and 
the yield point elongation that cause 
stretcher strain This amount of cold 
work has no effect on the drawing 
quality. The sheets should be passed 
through the roller leveler once in each 
direction, because about 18 in. on the 
entering end of the sheet is not flexed 
The stretcher strains usually return 
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again by aging unless the steel is used 
within 24 to 72 hr 

Occasionally a lift or even a shipment 
of steel does not respond to roller level- 
ing. If such material is unsatisfactory 
after two passes through the roller 
leveler, it should be rejected for use on 
exposed parts. 

The performance of annealed steel! 
used for a very difficult unexposed part 
may be improved by a single pass 
through the roller leveler, which will 
lower the yield point considerably by 
removing the bump in the load-ex- 
tension diagram, and therefore will im- 
prove the elastic ratio. 

Annealed sheet cannot be roller 
leveled for an exposed part because 
the flex roll kinks the sheet so severely 
that, after forming, the deformation 
will not disappear and, in addition, 
small stretcher strains will remain 
between the kinks 

Coil breaks and stickers have the 
appearance of stretcher strains, but coil 
breaks are regularly spaced and stickers 
are spotty. Roller leveling has no effect 
on these defects 


Strain Aging 


The effect of aging of rimmed steel 
on formability is variable and may be 
unpredictable on the basis of tests. 
One rimmed steel may not age at all, 
while another may make the most 
difficult draws when received, and, after 
aging in storage for 30 days, may not 
make minimum draws 

During periods when quantity rather 
than quality is the chief factor in 
steel deliveries, breakage of rimmed 
steel in forming may be quite prevalent 
and is often attributed to aging, by the 
supplier. However, aging is less fre- 
quently blamed when steel is in good 
supply. Production records of several 
fabricators indicate conclusively that, 
depending on the supplier, aging effects 
in rimmed steel may or may not be 
perceptible in performance 60 days 
after delivery. Typical effects of aging 
on steel performance are presented in 
Pig. 7. 

After an operation such as blanking, 
forming or finishing, strain aging is 
more pronounced than for unworked 
steel. It is therefore advisable to com- 
plete the sequence of operations on a 
part without intervening storage unless 
artificial aging tests indicate absence 
of aging. 

Artificial aging tests give an approxi- 
mate measure of the strain aging 
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Table IV. Changes in Properties of a Fast-Aging Cold Rolled 1008 Rimmed Steel 


Tensile Yield Rockwell B Olsen 
Strength, Strength, Elongation Hardness Cup, 
Aging Condition 1000 psi 1000 psi in 2 In., % Number in. 
As Received ............ 4996to504 50 to 52 0.405 
Natural Aging 
21 days at 73 F... 499to51.0 375t0403 335to%45 53 to 54 0.400 
70 days at 73 F... 52110528 41110440 320to 33.0 55 to 56 0.395 to 0.400 
139 days at 73 F 51.8 to 52.1 40610429 32510330 56 to 57 0.395 to 0.405 
173 days at 73 F 47210505 31510 33.0 49 to 55 0.425 
Artificial Aging 
1 hr at 212 F ane 499410509 39to432 33010335 52 to 54 0.395 
SOBto516 43310455 31.0to 315 53 to 56 0.385 to 0.387 
characteristics of the steel but do not Grain Size 


predict the time at which definite 
changes in mechanical properties will 
occur, Artificial aging does not change 
the tensile strength appreciably, but 
yield strength and hardness will always 
increase while the elongation, uniform 
elongation and Olsen cup height will 
always decrease. Table IV gives typical 
results of laboratory tests made on 
1008 steel 0.035 in. thick and of doubt- 
ful drawing quality. The results show 
that this particular steel exhibited 
maximum changes in properties after 
70 days of natural aging; then the 
direction of change of some of the 
properties was reversed. For further 
information on strain aging, the reader 
may refer to the article, “Aging of 
Iron and Steel”, page 438 of the 1948 
Metals Handbook. 


A sheet having grain size too large 
will exhibit a coarse granulated surface 
after deep drawing. This is known in 
the shop as “orange peel”, and requires 
filing and polishing in order to obtain a 
smooth surface on the finished stamp- 
ing. The magnitude of the orange peel 
effect is directly proportional to the 
grain size. 

Steel with grain size too small is 
likely to have too high a yield point, 
tensile strength and hardness, and in- 
sufficient elongation. Maximum duc- 
tility is obtained in steel of ASTM grain 
size 8 (96 to 192 grains per sq in. at a 
magnification of 100 diam). A larger 
grain size can be tolerated in alumi- 
num-killed steel. 

Uniform grain size is desirable. A 
few very large grains scattered through 


Stampings Typical of Severity Class 5 K(CR) 


Part 28 


Part 30 


Stretch 


Part 29 
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© 10 20 30 40 50 60 70 7 Olsen Killed 
Days After Receipt of Steel Part Rockwell B Cup, CR Steel 
Fig. 7. Production Differences Caused No. Part Name Exposed Hardness in. Selected 
by Aging of Sheet Steel. Metal per- , ng 
formance values (expressed as total 28 Quarter panel extension...... Yes 47 max 0.386 min DQ, tp 
rcentage scrap and rejections) are 29 No 47 max 0.390 min DQ, tp 
pe hed p jee } 3% Tractor hood side............. Yes 47 max 0.400 min DQ, tp 
for identical parts made under the 31 Quarter panel Yes 47 max 0.400 min DQ, tp 
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Part 32 


No. Part Name 


Cab floor pan 
33 Grill bar 
34 Fender skirt 


Part 35 


Exposed 


No 
Yes 
Yes 


Part 36 


Part 


Rockwell B 
Hardness 


Stampings Typical of Severity Class 6 K(CR) 
Part 33 


42 max 
42 max 
42 max 


Stampings Typical of Severity Class 1(HR) 


Rockwell B 
No Part Name Exposed Hardness 
35 Spacer No 80 max 
36 Bracket No 80 max 


a microstructure of the correct average 
grain size can result in rough surface. 

A cored microstructure is sometimes 
observed in steel of inferior drawing 
quality. Such a structure has a definite 
band of medium-sized grains along 
each edge with very small grains in the 
center. The band is very low in carbon 
and impurities and corresponds to the 
rim of the ingot. The center is high in 
carbon and impurities and corresponds 
to the core of the ingot. Coring is 
usually confined to steel coming from 
the top part of the ingot, where segre- 
gation is most pronounced. Coring 
sometimes results when the finishing 
temperature is too low in the hot mill. 


0.405 min 
0.430 min 
0412 min 


Part 37 


Rimmed HR 
Steel Selected 


Commercial quality 
Commercial quality 
Commercial quality 


Variations in Thickness 


Thickness variations in sheet 


steel 


can cause parts made on the same tool- 
ing to be of different shapes because 
of spring back or because the pressure 
applied is either insufficient or exces- 
sive at sharp corners or at sides that 
are to be held at a predetermined angle 

If the sheet is too thick, a die or roll 
adjusted to a certain 


thickness 
pinch the steel and may 


may 
localize the 


stretching, thus causing it to break; 
or it may work harden the steel and 
Cause excessive spring back in a suc- 


ceeding operation. 


Thickness greater 


than the die clearance may cause un- 


Table V. Surface Classification of Sheet Steel 


Class 
| Extra Fine 
Fine . 


Medium 

Medium Coarse 
Extra Coarse ... 
Vitreous Enamel 


Surface 
Roughness, 
micro-in 


Under 10 
10 to 20 


20 to 3 
30 to 40 
40 to 60 
Over 60 
Over 60 


Type of 
Finishing 
Applicable 


Plating 
Plating 
Painting 
Painting 
Painting 
Painting 
None‘* 
Vitreous Enamel 


Amount of 
Preparation 
Necessary 


None 
Polishing 

None 
Minimum 
Moderate 
Considerabie 

(a) 
None 


(a) No type of finish is applicable because of the very high cost of preparation that 


would be necessary. 


Olsen 
Cup, in 


Killed Cold Rolled Steel 


Selected 


Drawing quality, temper passed 
Drawing quality, temper passed 
Drawing quality, temper passed 


desirable marring of the surface of the 
part or galling and scoring on the sur- 
face of the tools, and in some instances 
may be the reason for breakage of tools 


Standard tolerances on rolled sheet 
steel are given in the AISI Manual 


Surface Finish 


Surface roughness of sheet steel has 
an effect on the finishing cost and the 
appearance of the formed product as 
well as on processing in dies and in 
other operations. Dull or slightly rough- 
ened surfaces are used especially in 
parts with the deepest draws to retain 
lubricant through the operations for 
minimum scoring of the dies and for 
better flow of metal over pressure pads 
Sheet with a surface roughness of about 
20 to 40 micro-in. performs well through 
dies and is smooth enough for most 
painted parts, such as hood tops and 
fenders, requiring average paint finish 

Table V evaluates the suitability of 
various surface roughnesses for finish- 
ing operations on products that require 
quality appearance and sales appeal 
Single-dip or painted parts intended 
for trim and interior moldings require 
a smoother surface of about 10 to 20 
micro-in,, or class 2 in Table V. Sheet 
for average decorative chromium -plated 
parts should have surface roughness no 
greater than 10 micro-in. where the 
surface is to have no preparation ex- 
cept a light polishing to remove die 
marks. Parts with surface roughness as 
high as 15 micro-in, require extra sur- 
face preparation — for example, buffed 
copper plate applied before the regular 
plating sequence 

The selection of fine grained steel 
‘(ASTM 9) with minimum surface 
roughness from forming usually sac- 
rifices some ductility and latitude in 
die design. With fine grain the steel 
will be somewhat harder, higher in 
yield point and elastic ratio, lower in 
elongation and uniform elongation, Die 
design should be such that the severity 
rating of the stamping is no worse than 
No. 4, and preferably No. 3 

Sheet for Vitreous Enameling. Fiat 
parts and shallow draws require the 
selection of enameling sheet or ingot 
iron sheet having a typical composition 
of 0015% C, 0.028% Mn, 0.005% P, 
0.025% 8 and 0.003% Si, with the total 
of the five elements no greater than 
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0.10%. The surface of a vitreous enam- 
eled sheet has a rough appearance 
imparted by the heavily shot-blasted 
rolling mill roll; it should be ordered 
as VE (Vitreous Enamel) finish 

Cold rolled and hot rolled steel may 
be used on deep drawn parts, such as 
washing machine tubs, if the carbon 
content is held to 0.08% max. Cold 
rolled sheet should have VE finish, but 
in hot rolled steel a pickled surface is 
satisfactory. 


Tooling and Processing 


Tool Development. When steel is re- 
ceived that will not make the part, it 
is either rejected outright or applied to 
another part of less severe requirements 
subject to a rejection allowance, de- 
pending on the arrangements between 
fabricator and supplier. Small users 
may or may not have the practical 
alternative of diverting the steel to 
another part and may protect them- 
selves accordingly in their purchasing 
arrangements, In addition, users should 
control the type of steel tryout stock 
furnished for tooling development. The 
procedure consists of selecting steels 
for tool development and die tryout 
that are below the average quality 
expected in regular production ship- 
ments. A steel should be selected near 
maximum hardness and near the mini- 
mum Olsen cup value for tentative se- 
verity classification of the part (Pig. 1) 

Tools developed with steel of below- 
average quality are seldom troublesome 
and run with minimum tool breakage 
and steel rejection when the production 
run begins, They are also less sensitive 
to pressure adjustments and to varia- 
tions in sheet thickness or to normal! 
variations in steel properties, and 
maintenance costs are usually less. Con- 
versely, tools developed with steel of 
above-average quality often prove un- 
satisfactory when forming regular pro- 
duction shipments of steel 

Die Design. In irregularly shaped 
parts, the angle at which the punch 
enters the lower die and the height of 
the blankholder in relation to the punch 
at the various locations should be such 
that the metal can flow snugly around 
the punch with a minimum of stretch 
Poor design will allow wrinkles or 
buckles to form; to correct these will 
require additional blankholder pressure 
in local areas, thus increasing the 
stretch in the metal. As a result, the 
minimum mechanical property require- 


Stampings Typical of Severity Class 2(HR) 


Part 38 


Part Name 


Hood hinge bracket.. 
Cowl side reinforcement. 
Brake peda! support 


ments and the cost of the sheet steel 
will be higher 

To save tooling costs, the final shape 
is often produced in one forming opera- 
tion. In some stampings the final 
shape has sharp radii that localize 
the stretch and greatly increase the 
severity of forming Frequently, to 
permit more forming in one operation 
the radii can be greatly increased in 
the first forming die and can be as 
specified in a succeeding operation in 
combination with a trimming or flang- 
ing die. Little added tool cost is in- 
volved and forming is much less severe 

Some parts, such as the modern auto- 
mobile front fender that cannot be made 
from flat sheet of any quality, must be 
preshaped and welded into the form 
of a cone at the front of the blank so 
that more metal is in the die before 
the blankholder closes, to reduce sever- 
ity of stretching. As shown in Fig. 8, 
this permits the use of cold rolled steel 
compatible with severity class 4 

Where heavy stretching of a sheared 
edge cannot be avoided, extra quality 
will be required in the blanking die to 
produce the smoothest possible sheared 
edge. An example of such a part is the 
truck engine support shown among the 
Stampings characteristic of class 4 for 
hot rolled steel on page 11. The most 
wear-resistant tool steel will be re- 
quired; nevertheless, it will wear rapidly 
unless the burr side of the sheared edge 
is away from the tool face, which is 


i 


Fig. 8. Full and Close-Up Views of a Front Fender Showing the Area of Deepest 
Draw, Blank was preshaped and welded into the form of a cone at the front 


section before forming 


This reduces the severity of stretching so that cold 


rolled steel compatible with severity class 4 can be used. Without preshaping, 
the part could not have been produced from sheet of any quality. 
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Exposed 


Part 39 


Stretch 


Rockwell B 
Hardness 


Rimmed HR 
Steel Selected 
68 max 
68 max 
68 max 


Commercial quality 
Commercial quality 
Commercial quality 


sometimes the condition most suscepti- 
ble to tearing during the stretch. The 
forming operation should precede the 
shearing operation wherever tool design 
and tooling cost permit. If this cannot 
be arranged, the forming operation 
should follow the shearing operation 
immediately to avoid aging problems 
The steel along the edge should be the 
softest possible and in some instances 
may have to be stress relieved by hand 
torch or induction heating 

Poor maintenance of the die may 
necessitate using steel of a higher 
quality than was required for making 
parts in the unworn die. Blankholder 
dies worn to the point of uneven bear- 
ing will allow too much steel to slip 
through in some locations and not 
enough in others. When the resulting 
buckles or metal breakage begin to in- 
crease in production, the tooling must 
be checked and repaired, or steel of 
higher quality must be se'ected 

Speed of Forming has little effect on 
formability of steels used for the kind 
of simple bending or flanging or the 
moderate amount of stretching involved 
in severity classes 1, 2 and most of 3 
The maximum velocity of the punch as 
it contacts the blank may be as high 
as about 200 fpm for parts in these 
severity classes 

However, the steels used for most of 
the parts in severity classes 4 and 
higher, and some of those for class 3, 
move considerably over the face of the 
punch or flow appreciably over the 
blankholder. The flow of the metal 
in such operations is controlled by 
frictional forces so sensitive to speed 
that the steel often stretches to failure 
before moving against the frictionai 
forces, provided the punch velocity ex- 
ceeds a critical value, which is different 
for each steel and die combination 
Maximum punch velocity of 40 fpm is 
recommended for these stampings. 

Reselection of the steel may some- 
times be avoided when speed of draw 
becomes a problem. Frictional! forces 
may be decreased by the use of lubri- 
cants at the punch face and in certain 
blankholder areas. If lubrication does 
not solve the problem, and the die and 
press program has already been de- 
signed for reduced friction at the begin- 
ning of the forming operation, then 
either the speed of the punch will have 
to be reduced as it contacts the blank 
or a steel of greater formability must 
be selected. 


\ 
Part 40 
2074 in 8% Stretch « 
j Part 
No. 
38 No 
39 No 
40 No 
— 
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| 
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Cup Diameter, in 


Percentage Reduction 


Fig. 9. Chart jor Checking Percent- 
age Reduction in Drawing of Cups 


Lubrication. The type of lubricant 
usually has little effect on the grade of 
steel selected to form a given part. The 
main effect of a lubricant is to prevent 
die galling and die wear and to reduce 
the friction over critical areas, thus 
allowing proper flow of metal and pos- 
sibly a reduction in severity class. The 
thicker gages and higher forming speeds 
require increasingly effective lubricants 
When unpickled hot rolled steel is 
selected in heavy gages, the mill oxide 
with mineral oil lubricant of medium 
viscosity reduces galling and pickup in 
severe forming but markedly increases 
die wear. When hot rolled steel is 
selected with pickling specified, phos- 
phate coating with soap solution applied 
will have the same effect, but without 
excessive die wear 

Minimum Bend Radius is a measure 
of the ability of the steel to deform 
without rupturing. The severity of de- 
formation is proportional to the sharp- 
ness of bend and, for steels that will 
not make a sharp bend, the minimum 
radius is quoted in terms of the thick- 
ness (t) as listed in Table VI 

Reduction of Drawn Cups is usually 
expressed as the percentage reduction 


Stampings Typical of Severity Class 3(HR) 


Part 41 


Part 43 


$n 
- 
‘ 5% 
j <> Part 42 
an 
Part Rockwell B Rimmed HR 
No Part Name Exposed Hardness Steel Selected 
41 Truck frame brace........ No 65 max Drawing quality 
42 Reinforcement ....cccsseeeesss No 60 max Commercial quality 
43 Reinforcement .....csecceeeeees No 60 max Commercial quality 


Stampings Typical of Severity Class 4(HR) 


Part 44 \ 
lo 
0091 in a" 
Part 
No. Part Name 
45 Front fender filler.......... 
46 Truck engine support.......... 


Part 46 


Stretch 


( 
» \ Stretch 
Part 45 
j 
0075 in 0135 


Rockwell B Rimmed HR 


Exposed Hardness Steel Selected 
No 55 max Drawing quality 
No 55 max Drawing quality 
No 57 max Drawing quality 


Table VI. Minimum Bend Radii 
for Sheet Steel 


Minimum Bend 
Radius, in 
Parallel Transverse 
to Rolling to Rolling 
Direction Direction 


Class 
of Steel 


Cold Rolled 


Commercial 0.01 001 
Drawing, rimmed 0.01 001 
Drawing, killed 0.01 0.01 
Enameling 0.01 001 


Cold Rolled, Special Properties 
hard‘*),., it yt 


NR it 
Full hard’ NR NR 
Hot Rolled 

Commercial, 

up to 0.090 in t 
Commercial 

over 0.000 in it 
Drawing, 

up to 0.090 in..... 
Drawing 

over 0.000 in......... 


(a) 4 hard sheet has Rockwell B 60 to 75 
(b) '> hard sheet has Rockwell B 70 to 85 
(c) Full hard sheet has Rockwell B &4 min 


NR means “not recommended.” 


from the diameter of the blank to the 
diameter of the cup. Thus, a cup of 
6-in. diam drawn from a blank of 10-in 
diam represents a percentage reduction 
of 40 

At the corner of the draw die or draw 
ring over which the steel slides in form- 
ing the cup, the radius must be large 
enough not to rupture the steel but not 
so large that the cup will have wrinkles 
This radius should be 4 to 8 times the 
thickness of the blank in the first oper- 
ation, using 1008 or 1010 commercial 
quality sheet steel 0.062 in. thick or less 
The radius of the punch should be 6 
to 12 times the blank thickness in oper- 
ations of greatest reduction, but can be 


made sharper when reductions are 
about 5%. The larger punch radius is 
better with smaller die radius. Punch 


and die radii ordinarily cause problems 
only in reductions greater than 30%. 

If the appearance of the cup is im- 
portant, temper-passed steel should be 
specified; if not, annealed steel may 
be used 

A chart that correlates the percentage 
reduction with the blank size and cup 
size is shown in Pig. 9, which may be 
illustrated by an example in which the 
problem is to determine whether a cup 
of 7'c-in. diam can be made in three 
draws of 40, 20 and 15% from an 18-in 


diam blank. To find the diameter of 
the cup after the first draw, trace the 
18-in. (blank diam) line horizontally 


until it intersects the diagonal line for 
40% reduction. From this intersection, 
draw a vertical line to the top or bottom 
of the graph and read 108 in. for the 
outside diameter of the cup after the 
first draw. Next, for the 20% reduction 
in the second draw, trace a horizontal 
line from 108 on the vertical axis until 
it intersects the diagonal line for 20% 
reduction. From this point draw a ver- 
tical line to the bottom of the graph 
and read 86 in., which is the outside 
diameter of the cup after the second 
draw. The outside diameter of the cup 
after the third draw, assumed to be 
15%, is found with the same procedure, 
by drawing a horizontal line from 8.46 to 
its intersection with the diagonal 15% 
line and from there to the bottom scale, 
which gives the reading 7% in. Hence, 
it is concluded that a 7's-in. diam cup 
can be drawn from an 18-in. blank in 
the three assumed reductions 
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The Selection of Material for Press Forming Dies 


By the ASM Committee on Press Forming Dies 


THIS ARTICLE deals with the selec- 
tion of material for dies to form sheet 
metal in a press. The forming opera- 
tions considered involve bending and 
mild or moderate stretching of the 
sheet. Dies for making deep-drawn cup- 
shaped objects, fenders and other 
severely stretched metal parts are not 
included here 

The selection of die material is based 
on the previous performance of similar 
tools in similar operations. This article 
summarizes such experience by indi- 
cating typical selections for 504 specific 
sets of conditions. From a study of the 
full range of these selections, the reader 
may gain an understanding of die ma- 
terials that can be applied to a variety 
of similar selection problems 

The performance of a forming die 
is determined largely by wear. Total 
wear is affected primarily by the length 
of the production run and the severity 
of the forming operation. Hence, quan- 
tity is the principal variable shown in 
the accompanying selection tables, and 
the importance of severity is recog- 
nized by the inclusion of a separate 
table for each of six parts of different 
size or shape 

The metal being formed, its thick- 
ness, and the finish and dimensional 
tolerances required in the part are also 
influential factors and are included as 
additional variables in the tables. 

The amount of wear on a given die 
material during forming is proportional 
to the distance the sheet metal slides 
over the die at a given pressure be- 
tween the two surfaces in contact. 
Thin, soft or weak sheet metals exert 
the least pressure and thus cause the 
least wear; strong, thick metals cause 
the most rapid wear. However, the rate 
of wear for each combination of metals 
may be considerably different, depend- 


Minimum Severity 


Subdivisions 
Sheet Thickness 
Size of Part 
Selection Tables for Parts 
of Minimum Severity 
Selection Tables for Parts 
of Mild Severity 
Selection Tables for Parts 
of Moderate Severity... 
Cost of Tooling 
Quantity 
Tolerance Requirements. . 
Work Metal. 
Lubrication 


Cast Iron 

Zine Alloy 

Hot Rolled Mild Steel 
4140 Alloy Steel 

Cast Steel... 
Aluminum Bronzes... 
Plastics 


ASM-SLA T5, G1, TS, Zn 


ing on their surface characteristics, the 
speed of forming and type of lubrica- 
tion. In forming parts with dies that 
produce wrinkles, very high localized 
pressures are developed on the tools, 
and attempts to iron out such wrinkles 
almost always produce prohibitively 
high rates of wear and galling. 

The recommendations made in this 
article are based on observed perform- 
ance of a wide range of die materials 
in producing a great variety of parts. 
These recommendations are listed in 
the selection tables on pages 14 to 16 


Part 3 Part 5 


Moderate Severity 


Fig. 1. Parts for Which Die Materials Are Recommended in the Selection 
Tables on Pages 13 to 16 
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for six parts, shown in Fig. 1, which 
range from the simplest, such as parts 
1 and 2, to moderately severe, such as 
parts 5 and 6 

The recommended die materials in- 
clude the range from plastics for low 
production of simple to moderate parts, 
up to the most wear-resistant tool 
steels surface hardened by nitriding, for 
making severe parts. Parts of even 
greater severity or those run in quanti- 
ties larger than one million may require 
dies or inserts of cemented carbide. 

In the many instances where the 
tables show more than one material for 
the same conditions of tooling, the 
materials are listed in order of prefer- 
ence with regard to the expected cost 
per piece, but the ultimate choice will 
depend on availability more often than 
not, rather than on the small differ- 
ences in performance or cost of the 
materials for a given set of conditions 

The Tools for Parts 1 and 2 ‘selection 
tables on page 14) consist of a punch 
and an upper and lower die. None of 
these die components would wear much 
because there is little deformation of 
the sheet metal during forming of such 
extremely simple parts, and therefore 
there is little or no sliding of the sheet 
over the lower die and little movement 
over the punch. Thus, large quantities 
of such parts can be formed by tools 
made of any die material available in a 
convenient size 

Tooling for Part 3 (selection table on 
page 15) consists of a punch and lower 
die. In operation the punch pushes the 
blank through the lower die, which re- 
sults in wear on the lower die. The metal 
envelops the punch closely with little 
sliding. Thus, the punch generally will 
produce ten times as many parts with 
the same wear as the lower die made 
of the same material. However, wear 
and possibly galling will occur at the 
areas of moderate shrinkage of this 
part, particularly when the part is 
formed on these single-action dies. For 
this small die, type D2 tool steel may 
be used for production quantities as 
low as 10,000, since the cost of steel is 
of minor importance for a small die 
The high-carbon high-chromium tool 
steel has the advantage that if galling 
occurs it can be nitrided after trial, for 
effective prevention of galling 

Tooling for Part 4 ‘selection table on 
page 15) consists of a punch and an 
upper and lower die. Without the upper 
die, excessive wrinkling would be ex- 
pected at the shrink flanges. As in part 
3, less wear-resistant material is re- 
quired for the punch and upper die 
than for the lower die. Under condi- 
tions for which tool steel is recom- 


This is a new subject in the ASM 
Metals Handbook 
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mended for making part 4, the tool steel 
should be in the form of inserts in a 
cast iron lower die and the punch of a 
cast tool steel such as D2. For example, 
for 10,000 to 100,000 pieces a cast iron 
die might be used with A2 or D2 inserts 
at points of most wear. For quantities 
greater than 100,000 pieces or when this 
part must have close tolerances, the dies 
would have inserts of type D2 tool steel 
at all surfaces subject to wear. For 
quantities less than 100,000 the entire 
lower die would be made of the material 
indicated in the selection table, without 
inserts. The punch would be made of a 
less wear-resistant material, usually as 
indicated in the first column to the left 
of the quantity being considered 

The Constriction in Parts 5 and 6 ‘se- 
lection tables on page 16) is produced 
by stretching rather than by shrinking 
of the metal along the constricted re- 
gion, and the tooling therefore consists 
of a punch and lower die with no upper 
die required. The metal envelops the 
punch with minor sliding but produces 
about ten times more wear on the lower 
die than on the punch. Cast iron dies 
with inserts of type A2 or D2 tool steel 
would be needed for production of 10,000 
parts or more. However, the same mate- 
rial is indicated for both the punch and 
lower die for part 5 in the selection 


Table I. 


Sheet 
Thickness, 
in. 10°” 100 


table, page 16, because of the small size 
and the relatively minor cost of 
material. 

In the selection table for part 6, the 
recommendations refer to the material 
to be used for the wearing edges of the 
lower die. The body of the lower die 
would be made of cast iron with wear- 
ing edges of tool steel in those instances 
where tool steel is recommended in the 
table. The punch for making part 6 
could be of a material about one tenth 
as wear resistant as tool steel — for 
example, alloy cast iron. For a quantity 
large enough to require a punch mate- 
rial of greater wear resistance than 
alloy cast iron or cast steel, a tool steel 
insert should be used at the constricted 
section. 


Sheet Thickness 


Thick sheets of any metal will exert 
greater pressure on the dies than thin 
sheets of the same metal. The tables, 
pages 14 to 16, list selections only for 
sheets 0.050 in. thick. Table I, below, 
recommends materials for dies to make 
parts 3 and 4 in three sizes from sheet of 
four different thicknesses. The selec- 


tions in Table I illustrate the increasing 
effect of galling and wear as parts are 
made from thicker sheets 


especially 


Recommended Materials for Lower Die for Forming Steel Parts of Three Sizes, Each in Four Thicknesses 
(Assuming No Finish or Tolerance Requirements) 


parts with shrink flanges as illustrated 

Table I deals only with die ma- 
terials for forming steel parts. The 
forming pressure depends not only on 
the thickness but also on the strength 
of the sheet being formed. Wear and 
galling are less severe with any thick- 
ness of soft metal, such as aluminum 
and copper alloys, than with low-car- 
bon steel, but more severe with high- 
strength metals such as stainless steels 
and heat-resisting alloys 


Size of Part 


For small stampings such as parts 1, 
3 and 5, cast or plastic dies are uneco- 
nomical unless made from a model 
already available and with only minor 
finishing operations required on the 
dies. When the cost of patternmaking is 


included, cast or plastic dies will 
usually be more expensive than dies 
machined from other materials. The 


cost of the steel is usually a smal) frac- 
tion of the cost of dies for a small 
part, and the availability of material 
in a size that will minimize machin- 
ing on the dies will usually be a greater 
factor in cost than any other 

As the size of the part increases, the 
cost savings resulting from minimizing 
machining by use of a casting close to 


Recommended Lower Die Material'*’ 


Total Quantity of Parts to be Produced 
1,000 


10,000 


For Part 3, Maximum Dimension of 3 In. 


0.031 ..-Mild steel Mild steel Mild steel Mild steel 
and 4140 and 4140 and 4140 and 4140 
0.062 ..-Mild steel Mild steel Mild steel Mild steel 
and 4140 and 4140 and 4140 and 4140 
Mild steel Mild steel Mild steel Mild steel, 
and 4140 and 4140 and 4140 4140 and A2 
0.250 ..Mild steel Mild steel Mild stee! A2 and D2 


and 4140 


and 4140 


and 4140 


100,000'«) 1,000 ,000 


4140, mild steel b2 
chromium plated, D2 
4140, mild steel D2 
chromium plated, D2 
D2 D2 
D2 D2 


For a 12-In. Part Similar to Parts 3 and 4 
0.031 Mild steel, Mild steel, Mild steel, Mild steel, 4140, Alloy cast iron,'*’ D2 
4140 and 4140 and 4140 and zine alloy and mild steel 
zine alloy zine alloy zine alloy alloy cast iron chromium plated, 4140 
0.062 Mild steel, Mild steel, Mild steel, Mild steel, 4140, Alloy cast tron‘*’ D2 
4140 and 4140 and 4140 and zine alloy and and A2 
zinc alloy zine alloy zine alloy alloy cast iron 
0.125 Mild steel, Mild steel, Mild steel, Mild'*' and A2 and D2 D2 
4140 and 4140 and 4140 and A2 steels 
zine alloy zine alloy cast iron 
0.250 Mild steel Mild steel, Mild steel and Mild‘*’ and A2 and D2 D2 
and 4140 4140 and alloy cast iron A2 steels 
cast iron 


For Part 4, Maximum Dimension of 36 In. 


0.031 Epoxy-metal, Epoxy-metal, Epoxy -glass, Epoxy or poly- Alloy cast iron‘*’ D2 
polyester- polyester-metal, polyester-giass, ester-glass,'* 
metal zine alloy zine alloy alloy cast iron, 
zine alloy zine alloy'* 

0.062 .Epoxy-metal, Epoxy-metal, Epoxy-giass, Epoxy or poly- A2 D2 
polyester- polyester-meta! polyester-glass, ester-giass,'* 
metal zine alloy zine alloy alloy cast iron 
zine alloy zine alloy‘* 

0.125 Zine alloy Zine alloy Zine alloy, Alloy cast A2 and D2 D2 

cast iron iron'¢ 
0 250 Zine alloy Zine alloy, Alloy cast 


cast iron 


A 12-in. part simi- 
lar in shape to parts 
7 3 and 4. For a sketch 

of the die for this 

Part 3. Fora part see Fig. 2. The 
sketch of the cost of tooling this 
die for this part is given in 
part, see Fig. 2 Table II, page 17 


(a) See Table Ill, page 19 


rials recommended in 
low-carbon steel; 
and 


above table 
wear and gallin 
and more wit 


copper alloys 


cast iron 


for description of materials 
are for forming parts 
will be less with aluminum 
stainless and heat-resisting 


Alloy cast 


iron iron 


Part 4. Tooling 

- jor this part con- 
sists of a punch 

and an upper 

i2in and lower die 

/ and is shown in 

a the sketch of 


Fig. 3 on page 17 


Mate- 
from 


alloys than with 


low-carbon 
quantity that justifies tooling 
after tryout if required. (d) 
mended for wear edges for the shrink 


A2 and D2 


7 


stee! ib) Ten or the minimum 
c) All A2 or D2 tool steels nitrided 
Inserts of A2 tool steel are recom- 


flange. (e) With inserts 
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final size will more than offset the 
cost of a pattern. However, inserts of 
tool steel or carbide must be used on 
high-production dies subject to severe 
wear and galling. The selection of both 
the material and the locations of the 
inserts should be on the conservative 
side in those instances where produc- 
tion must not be interrupted for altera- 
tion of the tooling. If tools may be 
taken out of production, cast iron dies 
may be used with the wear surface 
flame-hardened and inserts added later 
if needed. 


Cost of Tooling 


Table II shows the relative cost of 
dies for forming parts such as No. 3 
and 4 in sizes of 3, 12 and 36 in. The 
cost covers only the basic die compo- 
nents indicated; accessories such as 
gages, knockouts, wipers, guards, blank- 
holder plates and the like have been 
omitted because they do not affect the 
comparison of cost. For the 3-in. and 
12-in. parts the die consists of punch, 
ring and floater only, as shown in Fig 
2; for the 36-in. part, the die consists 


Fig. 2. Die for Tables I and I1, 3-In. 
and 12-In. Parts 


of a punch with upper and lower dies 
as shown in Fig. 3 

In one set of dies shown in Table 
II, the lower die had inserts of A2 
tool steel; in another, D2 tool steel 
inserts were used; in both sets the 
punch was made of cast steel without 
inserts 

Cost of a pattern was included for 
the 3-in. plastic die. If this pattern 
were already available from some other 
operation and could be used without 
added expense for making the die, the 
cost would be reduced from $197 to 
$155. 

For the 36-in. part, costs are not 
shown for hot rolled mild steel because 
distortion in heat treatment makes this 
size impracticable. Alloy steel 4140 was 
omitted because it is not generally 
available in this large size 


Quantity 


The number of parts to be produced 
is an important factor in large dies in 
which the cost of material is equal to 
or greater than the cost of machining 
In dies smaller than about 6 in. the 
difference between the cost of the most 
expensive and cheapest steels is less 
important than the assurance of long 
life without the necessity for rebuild- 
ing tools if the quantity should be in- 


6 inserts 
Fig. 3. Die for Tables I and Il, 
36-In. Part 


Table Il. 
Die 
Item Set Punch Ring 


Tooling for Part 3, Maximum Dimension of 3 In. (See Fig. 2) 


Solid D2 Tool Steel 


Material $31 $ 18 
Labor 30 $60 100 
Total ... 61 60 118 
Solid A2 Tool Steel 

Material 31 12 
Labor 30 50 80 
Total 61 50 92 
Unalloyed Gray Cast Iron 

Material . 31 3 
Labor 30 35 50 
Total 61 35 53 
Hot Rolled Mild Stee!, Carburized 
Material 31 1 
Labor 30 40 60 
Total 61 40 61 
4140 Alloy Steel 

Material 31 2 
Labor 30 40 60 
Total 61 40 62 
Epoxy -Meta!'' 

Material 31 3 
Labor 30 80 


Total 


Cost 


Die 


Item Set Punch Ring 


Cast Iron with Inserts of D2 Tool Steel 


Material $50 $107 $5 $162 
Labor 40 $100 110 $50 20 520 
Total 100 417 25 6H” 
Cast Iron with Inserts of A? Tool Steel 
Material 59 72 127 
Labor 40 80 20 4n0 
Total 4362 50 25 ov 
Unalloyed Gray Cast tron 
Materia! 50 18 2 70 
Labor 40 65 120 50 20 205 
Total Ww 65 138 50 22 5 
Hot Rolled Mild Steel, Carburized 
Material 50 13 2 65 
Labor 40 70 130 50 20 310 
Total 90 70 143 50 22 375 
4140 Alloy Steel 
Material 50 32 2 KA 
Labor 40 70 130 50 20 310 
Total 90 70 162 50 22 S04 
Epoxy-Metal'" 
Material 50 15 2 $5 72 
Labor . 40 120 15 60 235 
Total : 90 135 17 65 307 
Cost of Die Components'*’ 
Upper Die Lower Die 
Blank- Blank- All Tem- Pat- 
Item Punch holder holder Inserts Others plate tern Totals 
Tooling for Part 4, Maximum Dimension of 36 In. (See Pig. 3) 
Cast Iron with Inserts of D2 Tool Steel 
Material $224 $ 88 $172 $233 $48 $12 § 737 
Labor 240 230 240 440 80 $40 260 1450 
Total 464 318 412 573 KR 40 202 2187 
Cast Iron with Inserts of A2 Tool Steel 
Material 224 4A 172 151 K 12 655 
Labor 240 230 240 280 80 40 280 1390 
Total 464 318 412 43) RK 40 202 2045 
Unalloyed Gray Cast tron 
Material 100 51 110 5 12 278 
Labor 200 220 310 80 40 260 1130 
Total 300 271 420 85 40 202 1408 
Zine Alloy (Zn-Al-Cu-Mg) 
Material Pattern, $325 Metal, 3450 Ib at $0.2525 per ib 1196" 
Labor Foundry, $330 Machining, $200; spotting and fitting, $400 990 
Total 2126'*' 


(a) The cost of labor was computed at $5 per hr. (b) Coste listed under punch for 
The labor cost 
is $180. (d) The labor cost for making the inserts is $160 
the metal reduces total cost from $2126 to $1380 


epoxy-metal include ring and floater 


of Die 


also. (c) 


Relative Cost of Tooling to Form Parts 3 and 4 and a Similar Part 12 In. 
in Maximum Dimension 


(Tools Are Shown in Fig. 2 and 3 at Left) 


Cost of Die Components‘ 


Floater 


25 


Floater 


Tooling for a 12-In. Part Similar to Parts 3 and 4 (See Fig. 2) 


Components'* 


Tem- Pat- 

Others plate tern Totals 
$2 $ 51 
10 225 
12 276 
2 45 
10 195 
12 240 
1 35 
10 150 
ll 185 
1 an 
10 165 
11 198 
1 “ 
10 165 
11 
1 $2 37 
10 40 160 


All Tem- 
Others plate 


Pat- 
tern 


Totals 


for making the 
(e) Allowing 65% 


inserts 
scrap value for 
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j 
$25 
25 
25 
25 
25 
25 
25 
25 
25 
— 61 83 42 107 
ring Floater 


creased above original expectations, or 
if the die material should prove to 
have been underspecified. However, for 
large dies both the choice of tool ma- 
terial and the design of the dies de- 
pend on the number of parts to be 
produced, particularly when quantities 
exceed 1000 parts. 

On parts such as No. 6 in which 
there is considerable movement of the 
sheet over die surfaces, greatly in- 
creased die wear is likely. With such 
parts die inserts can be shimmed to 
allow for wear of the die, whereas, a 
solid die cannot be adjusted readily 
for wear. Therefore, risks may be taken 
in the selection of steel for inserts on 
jobs where production can be inter- 
rupted for this operation. However, if 
the insert is small the cost of material 
may be of much less consequence than 
the cost of diemaking and shimming, 
which may run from $10 to $100 per 
hr for lost time of the press, plus labor. 
Thus, it may be uneconomical to specify 
cheap steel for inserts 

Adjustable inserts are often impracti- 
cable for small dies. Therefore for high- 
production dies working under severe 
wear conditions and producing parts 
to close tolerances, it is often desirable 
to use a complete insert or to make the 
entire die of extremely wear-resistant 
material such as D2 tool steel nitrided 
or cemented carbide. 


Tolerance Requirements 


Tolerance requirements of the part 
may have an important effect on the 
choice of tool material when the part 
is to be finished without restriking. If 
the part is to be restruck, the material 
used in the restriking die is of less im- 
portance, because it usually will not be 
subjected to as much wear as the die 
that completes the primary operation. 
A major factor in the choice between a 
wear-resistant material and a _ less 
costly and less wear-resistant material 
is the necessity for maintenance during 
the production run 


Work Metal 


The sheet metals of higher hardness 
usually will wear dies more rapidly, but 
other factors, such as the presence of 
scale on the surface of hot rolled, un- 
pickled steels, will cause two to five 
times more wear. However, scaled sur- 
faces cause less galling, which on tool 
materials may be an even more serious 
condition than wear, because galling or 
“pickup” on dies will cause repeated 
interruptions for reconditioning the die. 

Soft brass and aluminum cause less 
wear and galling than carbon steel, 
while stainless steels and heat-resisting 
alloys cause more wear and galling. 
Where galling is anticipated, it is de- 
sirable to use materials such as D2 
tool steel that can be treated subse- 
quently, if necessary, to eliminate the 
difficulty. Possible treatments include 
chromium plating of any hardened 
steel, the hardening of alloy cast iron 
and the nitriding of tool steels such as 
type A2 and D2, which are preferable 
for nitriding because of the presence 
of nitride formers such as chromium 
and molybdenum in the steels. 


Lubrication 
In making parts at low and medium 


production (up to 10,000 pieces) it is 
often economical to use lubricants. 
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With zinc dies, it is necessary. However, 
the most effective lubricants are diffi- 
cult to apply and remove, and they add 
significantly to the cost. Efficient appli- 
cation of lubricants is particularly 
difficult in high-production operations 
where presses are being fed automati- 
cally. In such operations it is usually 
economical to use die metals that are 
more costly but more resistant to gall- 
ing in combination with the usually 
less effective lubricants that can be 
applied automatically. Examples of 
these materials are aluminum bronzes, 
nitrided D2 tool steel and cemented 
carbides, which can be used for form- 
ing low-carbon steel with only mill-oil 
lubrication. 


Prevention of Galling 


Table ITI lists chemical compositions 
of the die materials recommended in 
the selection tables. The die materials 
in Table IV with ratings of 90 to 100 are 
satisfactory in virtually all applications 
with only low-pressure lubricants such 
as ordinary mill oil. Materials in the 
range from 80 to 90 require excellent 
lubricants under conditions of severe 
galling and when scratches cannot be 
tolerated. If only moderate unit pres- 
sure is exerted by the dies, less effec- 
tive lubricants can be used. Die mate- 
rials rated below 80 usually require 
lubricants such as pigmented com- 
pounds, high-pressure oils or molyb- 
denum disulfide if scratches cannot be 
tolerated. Attempting to stretch sheet 
metal beyond practical limits, poor tool 
fitting and rough finish on the surface 
of tools are common causes of galling. 
For short and medium runs surface- 
hardened hot rolled steel dies will pro- 
duce parts equal to those produced 
from most tool steel dies. Exceptions 
may be encountered in severe reductions 
or in forming metals that show a 
greater tendency to gall, such as 
austenitic stainless steel. However, tool 
steel dies may also gall under these 
conditions. 

When galling is encountered, the tool 
fit and the thickness of the metal being 
formed should be checked first to de- 


termine whether clearance is adequate. 
Attempts to iron out wrinkles will often 
cause galling. Whenever possible, 
wrinkles should be prevented by the 
design of the tools. 

Nitriding minimizes or prevents gall- 
ing of dies made from alloy steel or 
alloy tool steel such as type A2 or D2. It 
is not recommended for steels that 
contain no nitride-forming elements 
such as chromium or molybdenum 
Nitrided surfaces on such steel may 
spall off on radii smaller than about 
% in., and plated surfaces on radii less 
than % in., thus increasing the risk of 
failure in these locations. 

Hard chromium plating will usually 
eliminate galling of mild steel, alloy 
steel and tool steel dies, and it is often 
used for severe duty. For operations 
involving high local pressures, hard- 
ened steels such as alloy or tool steels 
will be less likely to yield plastically 
and to cause cracking of the hard 
chromium plating. 

Dirt, grit and shot fragments on the 
sheet cause greater damage to nitrided 
and chromium plated tools than to 
hardened tool steels; hard particles 
may cause minute spalling and small 
pits, especially at radii in areas of high 
forming pressure. When these pits in 
the die cause scratches on the formed 
sheet, the pits must be stoned out if 
high finish is required on the part. 
After such repairs have been made sev- 
eral times in the same area, the soft 
underlying metal will be exposed and 
renewal of the nitrided case or the 
chromium plate will be necessary 

Galling is less likely if the die mate- 
rials and the metal being formed are 
dissimilar in hardness, chemical com- 
position and surface characteristics 
For instance, effective combinations are 
(1) aluminum bronze tools for forming 
carbon steel and stainless steel; (2) 
tool steel for forming aluminum and 
copper alloys; and (3) carbide tools 
for carbon steel, stainless steel and 
aluminum parts. 


Tool Steels 


Table V lists the tool steels recom- 
mended and rates them in regard to 
several important selection factors. 

Water-hardening tool steels, not 
shown in the tables, are lowest in cost 
and best in machinability and weld- 
ability, but they often distort badly 
during heat treatment and have only 
fair resistance to galling and wear 
They may be selected for moderate 
conditions such as the forming of alu- 
minum with dies of a shape that would 
not be likely to distort seriously during 
heat treatment — for instance, the dies 
for making part 1 of aluminum. Carbon 
tool steel can be used in the annealed 
condition, hard faced with bronze or 
other wear-resistant material. 

Steel Ol largely overcomes the heat 
treating problems encountered with 
water-hardening tool steel, and its 
machinability is almost as good. How- 
ever, it is only slightly less costly than 
a more wear-resistant steel such as A2;: 
its weldability is poor and it resists 
galling and wear little better than the 
water-hardening grades. Steel O1 is 
suitable for dies operating under mod- 
erate conditions and where distortion 
in heat treatment is a problem. 

A2, only slightly more costly than 
Ol, can be machined more easily than 
D2, distorts very little in heat treat- 
ment and has much greater resistance 
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to wear and galling than Ol. Purther- 
more, its resistance to wear and galling 
can be improved greatly by nitriding. 
Like O1 its welding properties are poor. 
It can be used for general insert appli- 
cations for forming carbon steel and 
metals of similar strength. 

D2 is more costly than A2 and less 
easily machined and welded but de- 
forms very little in heat treatment. Its 
excellent resistance to galling and wear 
can be improved by nitriding as shown 


Material 


Unalloyed cast iron, 185 to 225 Bhn 
Alloy cast iron, 200 to 250 Bhn 


Epoxy-metal 
Nylon-metal I 


Polyester or epoxy-glass-metal 


(Materials are listec 


Die Material 


D2 or D3 tool 
A2 tool steel (nitrided) 

Hard chromium plating 

D3 tool steel 

D2 tool steel 

A2 tool steel 

O1 tool steel 

Hot rolled mild steel (carburized).... 
4140 alloy steel (flame hardened) 

Cast iron (hardened) 

Aluminum bronze (270 to 300 Bhn) 
Cast iron (unhardened) 

Hot rolled mild steel (as rolled) 

Zine alloy 

Plastic-glass 


steel (nitrided) 


AISI- Approximate Resistance 
SAE Cost per Lb‘*’ to Wear‘: 
Oil Hardening 
$0.50 10 
D3 0.80 60 
D3 (nitrided) 100 
Alr Hardening 
A2 0.55 w 
A2 (nitrided) 
D2 0.80 50 
D2 (nitrided) 100 
(a) Cost varies with size and quantity 
annealing and warehouse extras, and do not 


or delivery 


(b) According to the ratings giv 
as many parts as one rated 5 with the same 


amount of wear 
D2, D3 and A2 can be almost doubled by the addition of sulfur in the wrought forms 


in Table V. D3 is similar to D2 but 
must be quenched in oil. These steels 
can be used as solid dies, as castings or 
as inserts for forming stainless steel 
and in severe applications. 

The shock-resisting tool steels, par- 
ticularly S1 (050% C, 150% Cr, 250% 
W), are useful primarily for die com- 
ponents that are fragile or subject to 
severe impact conditions. S1 has good 
machinability, distorts little in heat 
treatment and when carburized has 


Table Ill. Nominal Compositions of Tool Materials Recommended in 
the Selection Tables on Pages 13 to 16 


Composition 


Tool Steels 
Ol, Oil-hardening, cold work 090% C; 100% Mn; 050 Cr; 050% Mo 
A?, Air-hardening, medium alloy 100% C; 5.00% Cr; 100% Mo 
D2, High-carbon high-chromium 1.50 Cc; 12.00% Cr; 100% Mo 
Other Ferrous Alloys 
Hot rolled mild steel Steels 1010 to 1018 


3% total C; 1.6% Si; 0.7% Mn (or equivalent) 


3% total C; 0.7% combined C; 16% Si; 
04% Cr; OA Mo (or equivalent) 
Cast carbon steel, 185 to 225 Bhn 0.75% C€ 
Cast alloy steel, 200 to 235 Bhn 045% C; 110% Cr; 040% Mo 
4140 alloy steel........ . 040° C; 060% Mn; 030% Si; 1% Cr; 
0.20% Mo 
Nonferrous Alloys 
Zine alloy 4% Al; 3% Cu; 003% Mg; rem, Zn 
Aluminum bronze, 270 to 300 Bhn .13% Al; 4% Fe; rem, Cu 
Plastics 
Polyester-giass 50% polyester plastic; 50% glass in the form 


of cloth, strand or chopped fibers 
Epoxy-glass — epoxy plastic; 50% glass as above 
Polyester-metal Polyester plastic reinforced with metal 


powder 


oneeeseene Epoxy plastic reinforced with metal powder 


*olyamide 
powder 


plastic reinforced with metal 


.Polyester or epoxy plastic with both glass 


and metal as above 


Table IV. Relative Retings of Die Materials for Resistance to Galling 


in order of decreasing wear 


resistance) 


Relative Resistance to Galling in Forming 


Carbon Stainless 

Stee! Steel Aluminum 
95 WO. 100 
90 80 100 
100 95 100 
80 70 100 
75 65 100 
70 60 100 
65 55 100 
60 5O 100 
55 45 100 
80 70 100 
100 100 100 
75 65 100 
20 10 90 
100 100 100 

.100 100 100 


Table V. Approximate Ratings of Selection Factors for Tool Steels Shown 
in Previous Tables 


Resistance 


Relative Relative 
to Galling Toughness Machinability 
Tool Steels 
65 10 90 
80 4 40 
95 
Tool Steels 
70 8 65 
wo ee 
75 6 45 
45 
Figures given represent base price plu 
include extras for size, quantity, cutting 
en, a steel rated 50 wil! produce 10 times 


The machinability of 


good resistance to galling and wear 

High speed steels, such as M4 car- 
burized, also can be used for forming 
dies and may be desirable in specific 
applications. However, these steels cost 
more than D2 or D3, and in most in- 
stances are no more desirable and are 
less widely available 


Cast Tron 


Cast iron is a useful die material for 
forming parts larger than about 12 in 
as shown in Table I. Its performance 
makes it suitable for use in medium 
production runs or in short runs of 
large parts. When cast iron is used with 
inserts, it will produce greater quan- 
tities, as shown by the tables on pages 
14 to 17. 

Both types of cast iron listed in 
Table III should have predominantly 
fine pearlite with no massive carbides 
and a minimum of ferrite. Graphite 
should be of AFS-ASTM type A dis- 
tribution (shown on page 23 in the 
article on Gray Iron in this Supple- 
ment) with a preferred flake size of 
4 to 5 

Alloy cast iron should be flame hard- 
enable to the equivalent of 450 Bhn 
with air cooling. The alloy iron given 
in Table III is sufficiently hardenable 
for oil quenching of small dies and 
local flame hardening with air cooling 
for dies too large to be quenched. When 
no heat treating is anticipated, the 
unalloyed iron is usually preferable be- 
cause of lower cost and better machin- 
ability. However, alloy iron will usually 
wear less, even without flame harden- 
ing or other heat treatment 


Zine Alloy 


Zinc alloy has high pattern fidelity 
when cast but requires very accurate 
shrink patterns to minimize hand labor 
in finishing. Zinc alloy is economical 
only for die components at least 12 in. 
long, and it is most economical in dies 
about 36 in. long, as is evident in 
the selection tables on pages 14 to 17. 
One of the principal values of zinc 
alloy is for complicated dies that would 
require intricate machining and hand 
tooling if made of cast tron, but which 
can be cast more closely to shape in zinc 
alloy. In tensile strength, compressive 
strength and hardness, zinc tool alloys 
are inferior to other metals used in die 
construction. 

If compound curves on the face of a 
stamping have no sharp creases or em- 
bossments with sharp corners, it is not 
unusual for zinc alloy dies to give the 
length of service indicated on page 14 
Zinc alloy tools are particularly sensi- 


tive to surface roughness, thickness 
and hardness of the sheet metal being 
formed. The increase of any one of 


these multiplies unit pressures over a 
small area of the die face 

In production use, zinc alloy drawing 
dies in double-action presses have been 
found to give the longest life. Contrary 
to conventional diemaking practice, 
zinc alloy dies, being cast to shape, are 
made of as few components as possible 
This not only results in a lower cost 
because fasteners are largely elimi- 
nated, but it adds to the simplicity and 
durability of the tool. Otherwise zinc 
alloy tools for conventional press pro- 
duction are designed according to the 
usual practice 
Virtually all of the zinc alloy in a 
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tool can be salvaged for reuse simply 
by melting. For greatest economy, the 
user must have melting and molding 
facilities available; the commercial 
scrap value of the alloy is about 65% 
of the original cost, while remelting 
costs the user about as much as melt- 
ing purchased metal. These facilities, 
plus the necessary auxiliaries, cost a 
minimum of $50,000 to install. 

Cycle time or press speed has a great 
effect on the life of zinc alloy tools. A 
die component moving more than 25 
in. per min during its working cycle is 
highly destructive to zinc alloy. The 
best results have been obtained on 
double-action presses that average 3 
strokes per min and involve drawing 
to a depth of above 6 in. For this work 
hydraulic presses are more desirable 
than mechanical presses. Therefore 
tools made from zinc alloys have a 
minimum size limit. This is true be- 
cause even the slowest speed of small 
presses is greater than is permissible 
with zinc alloy tooling, and the cost is 
excessive if a small die is run on a 
large press merely to suit the speed 
requirements. Zinc alloy dies cannot be 
used with unlubricated stock because 
wear will be too rapid. 

A zinc alloy containing 4% Al, 3.25” 
Cu, 0.1% Mg, 0.7% Ni and 0.2% Ti has 
been in general use in a few large 
plants for several years and has pro- 
vided die life up to three times the 
periods indicated for the standard zinc 
alloy in the tables on pages 14 to 17. 


Hot Rolled Mild Steel 


Where a limited variety of tool mate- 
rials are available, hot rolled mild steel 
plate with carbon content from 0.10 
to 0.20% is in major use as a die mate- 
rial, and is also widely used elsewhere 
for short-run forming of small parts. 
This type of steel is not recommended 
without surface hardening. Dies are 
made by first torch cutting, then nor- 
malizing and grinding the stock. The 
dies are easily machined and generally 
are carburized, quenched and tempered 
after finish machining. No grinding 
should be done after carburizing. For a 
production quantity of 100,000 parts 
such as No. 5, the die is chromium- 
plated after hardening 

Hot rolled mild steel can be used for 
dies only where straightening facilities 
are available for correcting distortions 
induced by heat treatment. Straighten- 
ing is necessary for all except symmet- 
rical and thick shapes such as a large 
round punch. 


4140 Alloy Steel 


Because 4140 alloy steel is generally 
available in plate form and because it is 
hardenable by flame hardening, even 
with a hand torch, tooling for parts 
similar to No. 3 and 4 is comparatively 
simple, Such advantages exist only in 
relatively small flat dies. 

The 4140 steel die to form part 3 is a 
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simple five-element tool consisting of 
a punch, a die mounted to a pair of die 
shoes, and a spring or rubber-backed 
pad to eject the part from the lower 
die. A spring or rubber-backed stripper 
is used to strip the part from the upper 
punch. Steel 4140 would be selected for 
the punch and die because a compo- 
nent of this shape and size lends itself 
to low-cost design and toolmaking 
techniques. The punch and die can be 
cut from plate with a band saw so that 
only a small amount of filing and fit- 
ting is necessary. The edges of both 
the punch and die are then flame 
hardened, which eliminates furnace 
heat treatment. After grinding and 
polishing out the edges as necessary. 
the punch and die are fitted to mating 
die shoes and the pad and stripper are 
added, along with the necessary gages 
for locating the blanks. 

When properly hardened and fin- 
ished, such a die can produce 100,000 
pieces or more. Some tools of this kind 
have produced more than 200,000 pieces 
from 0.060-in. cold rolled 1010 steel. 


Cast Steel 


Cast steel is used for forming parts 
larger than 12 in. long where the shape 
of the part makes a casting more feas- 
ible than wrought stock. Plain carbon 
steel (0.65 to 0.85% C) and alloy cast 
steel (0.40 to 0.50% C, 0.90 to 1.25% Mn, 
0.90 to 1.25% Cr, 0.35 to 0.50% Mo) are 
two commonly used compositions. Cast 
steel is more costly and more difficult to 
machine than cast iron and shows a 
greater tendency to gall. However, it is 
tougher and more resistant to abrasive 
wear than cast iron. Both the alloy and 
plain carbon grades of cast steel can 
be flame hardened; the plain carbon 
grade must be water quenched whereas 
the alloy grade will harden in air. 

One important advantage of cast 
steel, particularly the plain carbon 
grade, is its weldability. It can be re- 
welded with steel or hard surfaced 
with tool steels, aluminum bronzes and 
other hard surfacing materials. Be- 
cause of its poorer resistance to galling 
it is less desirable for dies for forming 
carbon and stainless steels than for 
aluminum and copper alloys. Cast stee! 
is also useful for restrike, flanging and 
other types of dies that are less likely 
to gall or pick up metal from the sheet. 


Aluminum Bronzes 


Aluminum bronzes, which are alloys 
principally of copper and aluminum, 
are available in a wide range of hard- 
ness from 120 to 340 Bhn. These alloys 
have excellent resistance to galling and 
are desirable for dies where best finish 
is required on carbon and stainless 
steel parts. The softer grades (120 to 
270 Bhn) wear rapidly, particularly 
where wrinkling tends to occur on the 
formed part. The harder grades (270 
to 340 Bhn) wear less rapidly but are 
difficult to machine, drill and tap. 


Where elimination of scratches is ex- 
tremely important aluminum bronzes 
should be considered, but for medium 
to high production (10,000 to 100,000) 
replacement inserts should be available 
to permit reconditioning of worn tools. 


Plastics 


The raw materials used in plastics 
formulations are readily available, as 
are the prepared tool plastics. While 
satisfactory dies may be produced even 
in initial experiments with plastic ma- 
terial, the quality and economy im- 
prove greatly with experience 

Requiring no outlay for special equip- 
ment, plastic tooling may be produced 
on the usual toolmaking facilities. Pat- 
terns, prototype parts or models must 
be available for casting the resin (if 
no reinforcement is to be used) or for 
placing the resin-impregnated glass 
reinforcement on the face of dies that 
are built with reinforcement through- 
out. When a pattern of some kind is not 
available, there will be little or no 
cost advantage in using plastic rather 
than metal dies. 

Such terms as nylon-metal, epoxy- 
metal, polyester-metal, which appear on 
pages 14 and 15, refer to plastics re- 
inforced by the addition of metal 
powder to the uncured resin. The term 
“with inserts” in footnote e, pages 
14 and 15, indicates that plastic dies 
selected to produce the quantities 
shown are reinforced at the areas of 
highest pressure and wear with inserts 
of tool steel, cast iron or alloy steel 
bolted or doweled in position in the 
die component. 

The strength (10,000 to 40,000 psi) 
and, in particular, the hardness of 
plastics are inferior to those of metallic 
die materials. The problem of obtaining 
the required strength in a plastic die in 
some instances must be solved by extra 
work in designing or developing; but in 
many dies the regions of high pressure 
are confined to local areas, which, if 
anticipated, are strengthened with 
metallic inserts. 

When plastic tooling is selected for a 
part that is subsequently changed in 
design, the necessary alterations of the 
tooling will be costly. In addition, if 
maintenance is required on a plastic 
die, the bonding of repair plastic to 
worn areas may be inadequate because 
of the previous absorption of oil by 
the plastic. 

The cost of plastic per unit volume 
without reinforcing materials is from 
1 to 2 times that of cast iron but less 
than that of primary zinc. However, 
unlike cast iron or zinc, it has no scrap 
value. The molding materials cost from 
45 to 90¢ per lb and glass reinforcing 
materials cost as much as $1 per sq yd. 

Except for very short runs, plastics 
should not be selected for blankholder 
material where burred edges of the 
blank slide over the plastic surface. 
Such areas will wear severely on plastic 
dies. 
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THE GENERAL TERM “cast iron” 
includes gray iron, pig iron, white iron, 
chilled, malleable and nodular iron. 
This article deals only with gray iron. 

The gray cast irons are alloys of 
iron, carbon and silicon in which more 
carbon is present than can be retained 
in solid solution in austenite at the 
eutectic temperature. The carbon in 
excess of austenite solubility in iron, 
precipitates as graphite flakes. The 
gray irons usually contain from 1.7 to 
45% C and 1 to 3% Si. 

Certain important but lower-volume 
specialty items in this family of cast 
metals, notably the austenitic and 
other highly alloyed irons, are not 
dealt with here; instead, emphasis is 
given to irons used in the largest 
amounts in the most applications. 

Classes of Gray Iron. A simple and 
convenient classification of the gray 
irons is found in the ASTM specifica- 
tion A48, which relates the various 
types in terms of tensile strength. The 
ASTM classification by no means con- 
notes a scale of ascending superiority 
from class 20 (min tensile strength, 
20,000 psi) to class 60 (min tensile 
strength, 60,000 psi). In many applica- 
tions strength is not the major criterion 
for the choice of grade. For example, in 
parts such as clutch plates and brake 
drums, where resistance to heat check- 
ing is important, the “lower” grades 
have performance advantages. Similar- 
ly, in heat-shock applications such as 
ingot or pig molds, a class 60 iron 
would fail quickly, whereas good per- 
formance is shown by class 25 iron. In 
machine tools and other parts subject 
to vibration, the better damping ca- 
pacity of the lower-tensile irons may 
be advantageous. 


Cost Considerations 


Gray cast iron is the least expensive 
of all cast metals. The raw materials— 
pig iron, cast iron scrap, steel scrap, 
limestone, coke and air—are all rela- 
tively cheap. Operating costs for cupola 
melting units are also lower than for 
other types of furnaces. 

Because gray iron is the least ex- 
pensive type of casting, it should al- 
ways be considered first when a cast 
metal is being selected. Another metal 
should be chosen only when the me- 
chanical or physical properties of gray 
iron are inadequate. 

The classic example of an applica- 
tion requiring a bare minimum of 
casting properties and lowest possible 
cost is a window sash weight. Gray iron 
weights are used in many types of in- 
dustrial and consumer products, such 
as elevator counterweights, automatic 
clothes washer weights and industrial 
furnace door counterweights. Serving 
a similar purpose, gray iron is used for 
the bases of many types of machine 
tools and industrial equipment. In some 
of these the high damping capacity and 
wear resistance are also important. 
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Gray iron is widely used also for 
guards and frames around hazardous 
machinery. Many types of gear hous- 
ings, enclosures for electrical equip- 
ment, pump housings, and large hous- 
ings, as for steam turbines, are usually 
cast in gray iron because of its low 
cost. Other similar gray iron castings 
are used for motor frames, motor bear- 
ing housings and fire hydrants. 

Low cost is the decisive factor also 
in applications such as flatiron bases, 
fastener inserts in porcelain insulator 
bushings, valve housings, flanges, pul- 
ley sheaves, pipe fittings and other 
types of hardware. For lightly loaded 
gears and shafts, cost is the primary, 
but not the only, requirement. In many 
applications mechanical properties are 
unimportant because the section size 
selected automatically decreases the 
stress level to a low value. 

Although the family of gray irons 
have many unique properties that may 
vary from one type to another, as dis- 
cussed further in this article, it is 
nonetheless possible that, for a particu- 
lar application, the engineer may safely 
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specify any type of iron between class 
30 and class 60. Selection then becomes 
a matter of cost analysis. Assuming 
that the casting design and wall section 
are compatible with both extremes, the 
economic aspects of such an applica- 
tion may be considered for a hypo- 
thetical 200-lb casting in both class 30 
and class 60 irons. 

Factors that enter into the direct 
costs of a casting include melted metal, 
coremaking, molding, shakeout, clean- 
ing and scrap loss. The manner in 
which these costs may be influenced by 
the type of iron is discussed below 

Cost of Melted Metal includes base 
charge, cost of conversion to molten 
metal, inoculants (generally used), 
alloy additions, if any, and melting loss 
To determine the metal cost per unit 
weight of good castings, one more fac- 
tor—yield—must be taken into con- 
sideration. Yield is generally expressed 
as the percentage of good castings 
weight obtained from the charged 
metal weight. With high yield there is 
less return metal to remelt, which in 
turn reduces the net cost of conversion, 
melting loss and inoculation. The ulti- 
mate metal cost of castings with a high 
yield is therefore less than that of 
low-yield castings. 

The cost of the base charge for a 
class 30 iron is somewhat lower than 
for a class 60 metal. The class 30 tron 
is also cheaper to melt and requires 
only moderate inoculation with no 
alloying, whereas class 60 almost in- 
variably must be alloyed to meet spec- 
ifications consistently. Melting losses 
on both these irons are about the same, 
but because the class 60 iron has 
characteristically higher liquid shrink- 
age, it must be more heavily risered 
and therefore will have a lower yield 

A “fringe” cost item, seldom realized 
or appreciated by the consumer, per- 
tains specifically to the alloyed trons 
(in this instance, the class 60 tron) 
with regard to the quantity ordered 
If only a few tons or less of castings 
are required, it is generally unfeasible 
to attempt to recover the alloying ele- 
ments in foundry returns (gates, risers 
and shop scrap) and hence the cost of 
the portion of alloy so diverted must be 
charged against the weight of good 
castings produced. In large tonnage 
melts of alloyed iron where there is a 
reasonable opportunity to segregate 
and use this alloyed iron scrap as such, 
the diverted alloy may be recovered, 
to the extent permitted by melting and 
oxidation losses, and thus will reduce 
the expenditure for alloying elements 

The cost of melted metal per good 
ton of a class 60 iron is about 23 times 
greater than that of a class 30 iron, 
when the alloy content of shop returns 
is unrecovered as such 

Coremaking Costs normally would 
not differ between class 30 and class 
60 castings made to the same pattern 

Molding Cost with the same pattern 
for a class 60 casting may be substan- 
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tially higher than for its counterpart 
in class 30 iron, because the liquid 
shrinkage of class 60 metal is about 
two to three times greater, and it is 
therefore necessary to incorporate 
larger feed risers to produce a casting 
free from voids caused by internal 
shrinkage. Use of larger feed risers, as 
located on the casting, in turn may 
necessitate use of a larger flask (mold) 
to contain them. As a result, the mold- 
ing cost for the class 60 casting may 
be 12 to 16 times greater than for 
the same casting in class 30 metal. The 
great variety of casting designs will 
not permit establishing an absolute 
rule for differentials in molding cost 
but the range given above is typical of 
many commercial castings. 

Shakeout Costs are usually influ- 
enced by mold volume. If the class 60 
casting requires a mold 1.2 to 1.6 times 
greater in volume than the mold re- 
quired for the class 30 casting, the 
shakeout cost of the former may be as 
much as 20% more. In mechanized 
shakeout systems, the cost differential 
is relatively small for changes in mold 
volume, 

Cleaning Costs. Because larger risers 
and riser pads were used in the class 
60 casting, it follows that the cleaning 


Table I. Summary of Cost Factors for 
Casting in Example 


Class 30 Class 60 


Item Iron Iron 
Coremaking . 0.083 0.083 
Molding . 0.546 
5 Shakeout 0.004 0.105 
Cleaning .. 0.156 0.177 
Scrap loss (control) .. 0.076 
Total melted metal . 0.205 0474 
1,000 1.461 
| T T 7 
| 
2.0 
1.5 
7 30 35 40 45 50 55 60 


Tensile Strength of ASTM B Bar, 1000 psi 
Fig. 1. Approrimate Increase in Ma- 
chining Costs with Increase in Ten- 
sile Strength of Gray Iron 
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cost will be higher than for the class 


30 material. This could be about 1.1 
times greater than for the class 30 
casting. 

Foundry Rejections. The general level 
of foundry rejections is usually re- 
flected by the type of work in which 
the foundry is engaged. For example, 
the production shop that is turning out 
the same group of castings on a repeti- 
tive basis will have a lower scrap loss 
than the jobbing foundry that has 
hundreds of different patterns in 
varying quantities. 

It is difficult to assess the relative 
scrap losses experienced with class 30 
versus class 60 castings. For the 
foundry that is accustomed to pro- 
ducing class 60 iron and has established 
adequate control procedures, scrap 
losses in this type of metal would not 
be significantly higher than with the 
class 30 metal. On the other hand, a 
foundry that may do well with class 30 
castings, but ventures into the high- 
tensile groups without suitable con- 
trols for these metals, may face stag- 
gering rejections because of shrinkage 
defects or failure to conform to physi- 
cal specifications, or both. Control costs 
(such as testing, analytical work and 
technicians) are customarily carried in 
overhead charges and seldom appear as 
a direct cost item 

If any evaluation is to be given to the 
relative control costs (which determine 
the percentage of foundry rejections). 
it would be fair to say that class 60 iron 
castings require about twice the expen- 
diture that is necessary for class 30 
castings. 

Machining Costs. While it is well 
known that the higher-tensile gray 
irons are not so readily machinable 
as the lower-tensile types, some con- 
sideration may be given to the feasi- 
bility of specifying the stronger type 
simply to improve the factor of safety. 
In the absence of any possibility of 
gaining improved wear resistance or 
response to heat treatment, it should 
be realized that “upgrading” a speci- 
fication for a machined casting may 
entail additional machining costs, ap- 
proximately in proportion to the fac- 
tors shown in Fig. 1. 

Total Cost. Omitting machining costs 
(for lack of more specific data), the 
comparative costs of making the hypo- 
thetical 200-lb casting in class 30 and 
class 60 irons may be summarized, as 
in Table I, by assigning to each item 
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Fig. 2. 
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Tensile Strength of ASTM B Bar, 1000 ps 


Typical Cost Relations Among Various Types of Gray Iron Produced 
as Castings from the Same Pattern. Tensile strength class refers to results 
from ASTM “B” test specimens 


index numbers that reflect the cost 
factors relative to each other and that 
total to unity for the class 30 iron. 

Under no circumstances should it be 
inferred that the comparison in Table 
I is valid for any casting other than 
the specific one selected for this com- 
parison. The data presented are merely 
illustrative in a general way of some of 
the relative cost factors that may pre- 
vail in producing an identical shape in 
class 30 and also class 60 metal 

It should not be assumed that the 
cost spread between class 30 and class 
60 irons is linear. Again using the 
hypothetical pattern, the chart shown 
in Fig. 2 illustrates typical cost rela- 
tions for the gray iron series. These 
cost ratios are relative for each indi- 
cated item and are not additive as a 
whole. 

In this chart, it will be noted that 
for gray irons with tensile strength less 
than 50,000 psi the principal variation 
is in the cost of metal. Metal cost is 
higher for the class 25 iron than for 
class 30 because of the necessity for 
high percentages of costly pig iron in 
the mix to achieve high total carbon 
levels in the class 25 castings. 


Castability 


Limitations attending successful pro- 
duction of a gray iron casting involve 
the interrelations among fluidity of the 
metal, section thicknesses in relation to 
each other in the casting, and section 
sensitivity as it may affect machina- 
bility. These factors may be condensed 
into a single term, “castability,” which 
for gray iron may be defined as that 
measure of the metal which establishes 
the minimum section thickness that 
can be flowed into a mold cavity of 
given volume/area ratio to obtain 
physical properties consistent with the 
type of iron being poured 

Fluidity. Scrap losses resulting from 
misruns, cold shuts and round corners 
are often attributed to lack of fluidity 
of the metal poured. 

Mold conditions, pouring speed and 
other process variables being equal, the 
fluidity of commercial gray irons de- 
pends primarily on the amount of 
superheating above the freezing tem- 
perature (liquidus). As the total carbon 
content decreases, the liquidus tem- 
perature increases, and the fluidity at 
a given pouring temperature therefore 
is decreased, as measured by the length 
of flow into a spiral-type fluidity test 
mold. This relation is shown in Fig. 3, 
which is similar to curves for other 
metals given in the article, “Fluidity 
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Super heat Above Liquidus, deg Fahr 
Fig. 3. Fluidity of Four Gray Irons 
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Significance of the relations among 
fluidity, carbon content and pouring 
temperature becomes apparent when it 
is realized that the gradation in range 
of tensile strength in the ASTM clas- 
sification of gray iron is achieved in 
large part by changing the carbon con- 
tent of about 3.60 to 3.80% for class 20 
to about 2.70 to 2.95". for class 60. The 
fluidity of these irons thus resolves 
into a measure of the practical limits 
of maximum pouring temperature as 
opposed to the liquidus of the iron 
being poured. These practical limits of 
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maximum pouring temperature are de- 
termined largely by two factors: (1) 
the ability of both mold and cores to 
withstand the impact of molten iron, 
which ability decreases as the pouring 
temperature increases, thereby favor- 
ing low pouring temperatures; and (2) 


the fact that metal tap temperatures 
from a cupola seldom exceed 2800 to 
2850 F, while tap temperatures from 
an electric arc furnace may be in the 
range from 2850 to 2900 F.. Since ladling 
and reladling to the point of pouring 


generaliy accounts for temperature 
losses of 100 to 150 F, the final 
mazimum pouring temperatures are 


about 2650 to 2700 F. Table II illustrates 
how the latitude between liquidus and 
pouring temperatures varies with car- 
bon content 


Section Sensitivity 


In practice, the minimum thickness 
of section in which any given class of 
gray iron may be poured is more likely 
to depend on the cooling rate of the 
section than 


on the fluidity of the 
metal. For example, though a 12 by 
12-in. plate % in. thick can be poured 


in class 25 iron as well as in class 50, 
the latter casting would not be gray 
iron, because the cooling rate would 
be so rapid that massive carbides 
would be formed. Yet it is entirely 
feasible to cast a class 50 metal in a 
diesel engine cylinder head that has 
predominantly \-in. wall sections in 
the water jackets above the firing deck 
This is simply because the cooling rate 
of the cylinder head has been reduced 
by the “mass effect” resulting from 
encivused cores and the proximity (often 
less than in.) of one \-in. wall to 
the other. Thus it is that the “geom- 
etry” of the casting has an important 
bearing on the selection of me*al spec- 
ification 


It should be recognized that by ad- 


justing the silicon content or by the use 
of graphitizing additions ‘called 
in the 


“Inoc- 


ulants”’) ladle, the foundryman 


Rosette Grouping 
Random Orientation 


Fig. 4. Types of Graphite Flakes in Gra 
charts are shown at a magnification of 10 


Superimposed Fiake Size 
Random Orientation 


Iron (AFS-ASTM) 
diam. They have been reduced 


Interdendritic 
Random Orientation 


to 


Segregation 


In the recommended practice 
one-third 


size 


(ASTM A247) 
for 


reproduction 


\ 


Table Il. Superheat for trons of 
Various Carbon Contents Poured 
at 2650 F 

Pouring Superheat 
Temper- Above 
Carbon Liquidus, ature, Liquidus 
% deg Fahr deg Fahr deg Fahr 
2.52 2360 2650 200 
3.04 2270 2650 380 
3.60 2150 2650 500 


Data for 2% Si irons (W.S 


Mott, R. H 
Schaefer and Earnshaw Cook) 


may decrease the section that 
cast gray and without massive 

The mass effect associated with in- 
creasing thickness of section or de- 
creasing rate of cooling is much more 


can be 
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pronounced in gray iron than in cast 
steel, for instance. The mass effect in 
cast steel results in increased grain 
size in heavy sections. This also applies 
to gray iron but the most important 
effect is on graphite size and distribu- 
tion, and the amount of carbon in the 
combined form 


60 
White 


ror 


Width 


Fig. 5 


on Hardness 


Effect 


Section 
and Structure 


Interdendritic Segregation 
Preferred Orientation 


these 
here 


Wedge, in. 


Thickness 
Hard- 


ness readings at increasing distance 
from the tip of a cast wedge section, 


as shown by inset Composition 
of iron 352% C, 2.55% St, 101% 
Mn, 0.215% P and 0.086% S. In most 


gray iron castings the 
by 
sloping 


represented 
downward 
curve 
ness 
sented 
portion 


beyond 
Thin 
by 


0 


le{t-hand 
R. Schneidewind and R. G 
AFS 


eler 


As 


McElwee, Trans 
Diameter 
40 
+ 
i 
20 
10) 
Oo os 
Diameter « 
4 
é 
‘ 
7 
i 
Fig. 6. Effect of 


Diameter 


t 


in 
sections 
the 


structures are 
he right-hand 
portion of the 

wedge thick- 
may be repre- 
downward 
58 


116, 1950) 


Test Bar, in 


ost Bar, in 


ecnon 


of Cast 


Specimen on Tensile Strength of Five 
Classes of Gray Iron 


AUGUST 


), 


1955; PAGE 


Type A Type B lype © Type OD Type E 
| 
| iMottied tror 
Hardness Meadings 
te Ferritic lror 
Pa) 
7 Mixed Ferrit md 
eo 
| 
— 
| 
60\ 
= 
23 


For any given gray iron composition 
the rate of cooling from the freezing 
temperature to below about 1200 F de- 
termines the ratio of combined to 
graphitic carbon, which controls the 
hardness and strength of the iron. For 
this reason the effect of section size 
in gray iron is considerably greater 
than in the more homogeneous ferrous 
metals where cooling rate does not 
affect the form of the carbon content 
on a macroscopic scale. 

The normal or usual microstructure 
of gray iron is a matrix of pearlite with 
graphite flakes dispersed throughout. 
Too rapid cooling (with respect to car- 
bon and silicon contents) produces 
“mottled iron”, consisting of a pearlitic 
matrix with both primary cementite 
(iron carbide) and graphite. Very slow 
cooling of irons that contain larger 
percentages of silicon and carbon is 
likely to produce considerable ferrite 
as well as pearlite throughout the ma- 
trix, together with coarse graphite 
flakes. Under some conditions, very 
fine graphite (type D, as shown in 
Fig. 4) may be formed near casting 
surfaces or in thin sections. Frequently 
such graphite is surrounded by a fer- 
rite matrix; hence soft areas result. 

Typical Variations. When a wedge- 
shaped bar with about 10-deg taper is 
cast in a sand mold, sectioned near the 
center of the length, and Rockwell 
hardness determinations are made on 
the cut surface from the point of the 
wedge progressively into the thicker 
sections, the curves so determined show 
to what extent continually increasing 
section size will affect the hardness, as 
shown in Pig. 5 

Progressing from the left of the curve 
in Pig. 5, the following metallographic 
constituents occur. The tip of the 
wedge is white iron (a mixture of car- 
bide and pearlite) with hardness greater 
than Rockwell C 50. As the iron be- 
comes mottled (a mixture of white iron 
and gray iron areas) the hardness de- 
creases sharply. A minimum is reached 
because of the occurrence of fine type 
D graphite, which usually has associ- 
ated with it large amounts of ferrite. 
With a slightly lower cooling rate, the 
structure becomes fine type A graphite 
in a pearlite matrix with the hardness 
rising to another maximum on the 
curve, This structure usually is the 
most desirable for wear resistance and 
strength. With increasing section thick- 
ness beyond this point, the graphite 
flakes become coarser and the pearlite 
lamellae are more widely spaced, re- 
sulting in slightly lower hardness. With 
further increase in wedge thickness and 
decrease in cooling rate, pearlite de- 
composes progressively to a mixture of 
ferrite and graphite, resulting in softer 
and weaker iron. 

In most commercial gray iron cast- 
ings the structures are represented by 
the right-hand downward sloping por- 
tion of the curve in Fig. 5, beyond 0.2- 
in. wedge thickness, and normally in- 
creasing section size is reflected by 
gradual lowering of hardness and 
strength. However, thin sections may 
be represented by the left-hand down- 
ward portion of the curve. 

Figure 6 (top) shows average (of up 
to 10 tests per point) tensile strength 
of two irons, for each of which six 
sizes of cylindrical round bars were 
cast and appropriate tensile specimens 
machined. With the class 20 iron, 
strength increases as the as-cast sec- 
tion decreases down to the \-in. cast 
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bar. However, for the class 30 iron, a 
section with %-in. diam is so small 
that the strength falls off sharply, be- 
cause of the occurrence of type D 
graphite or mottled iron or both. 
The lower graph in Fig. 6 shows similar 
data for the same two classes of iron 
and for three higher classes. 

Volume/Area Ratios. The variety of 
casting designs is so great that it is 
extremely difficult to predict with ac- 
curacy the cooling rate for any except 
fairly simple shapes. However, since 
minimum limitations, rather than the 
entire scope, are involved here, the 
problem can be resolved through com- 
parisons of the casting design with 
ratios of volume to surface area or with 
minimum plate sections as generalized 
in practice 

The volume/area ratios (V/A) for 


Table Ill. Volume/Area Ratios (V/A) 
for Round Bars, Square Bars 
and Plates 
Cast Form and Size V/A 
Bar, ',-in. diam by 21 in.. 
Bar, ', in. sq by 21 in 
Plate, ‘4 by 12 by 12 in.. 
Bar, 1.2-in. diam by 21 in.‘ 
Bar, 1.2 in. sq by 21 in...... 
Plate, % by 12 by 12 in..... 
Bar, 2-in. diam by 22 in 
Bar, 2 in. sq by 22 in 
Plate, 1% by 12 by 12 in 
Bar, 4-in. diam by 18 in. 
Bar, 4 in. sq by 18 in.. 
Plate, 2 9/16 by 12 by 12 in 
Bar, 6-in. diam by 18 in 
Bar, 6 in. sq by 18 in 
Plate, 444 by 12 by 12 
(a) H. C. Winte, Trans AFS, 
(1946). (b) ASTM “B” test bar size. 


0.123 
0.123 
0.120 


0.292 
0.292 
0.283 


0478 
0478 
. OATA 
0.900 
0.900 
0 898 


®8 


round, square and plate sections pro- 
vide a fairly accurate indication of 
the minimum casting sections possible 
in simple geometrical shapes (Table 
III). The 1.2-in. diam bar 21 in. long 
(V/A ratio of 0.290) is the ASTM “B” 
test specimen used for all gray irons 
from classes 20 to 60 inclusive. 
Comparison of the ratio of volume to 
surface area for different shapes gives 
good agreement with the actual cool- 


Table IV. Bar and Plate Sizes of 
Equivalent Cooling Rate 


Plate Ratio of 
Thickness, Bar Diam to 
in. Plate Thickness 


2 9/16 


Table Il. 


Table V. Comparison of Tensile 
Strength of Gray Iron Castings 
and Test Bars 


Tensile Strength, psi 
Casting” Test Bar™ 


30,150 
.. 31,150 
. 32,650 
.. 35,100 
. 37,000 

39,400 
. 42,300 


32,050 
33,550 
32,200 
36,300 
37,800 
34,200 
39,100 
42,600 


Avg difference 2240 psi 


(a) Flat section from a 24-in. cross pipe 
fitting of nominal thickness 1.16 in. (b) 
Cylindrical test bar of 2-in. diam 
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Fig. 7. Mechanical Properties of Class 30 and Class 50 Gray Iron. Composition 


of the class 30 tron: 3.40% 


C, 2.38% Si, 0.71% Mn, 0423% P and 0.152% S; 
for the class 50 iron: 2.96% C, 163% Si, 105% Mn, 0.67% 


Mo, 0.114% P 


and 0.072% S (R. A. Flinn and R. W. Kraft, Trans AFS, 58, 153, 1950) 
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Table VI. Minimum Prevailing Casting 
Sections Recommended for Gray Irons 


ASTM Min V/A 
Class in. Ratio 
BD 0.061 
% 0.120 
30 3, 0.174 
35 5 0.174 
40. 55 0.277 
% 0.326 
60 1 0416 


V/A ratios are for square plates 


ing rates of castings made in the same 
mold material. For long round bars and 
infinite flat plates V/A is diameter/4 
for bars and thickness/2 for plates; 
that is, a large plate casting would 
have the same cooling rate as a round 
bar with diameter twice the plate 
thickness. Most castings, however, 
freeze somewhat faster than an infinite 
flat plate, and instead of a 2 to 1 
ratio of bar to plate, a smaller ratio 
often gives a better correlation with 
the cooling rate. The bar and plate 
sizes shown in Table IV are nearly 
equivalent in cooling rate 

Comparisons of the tensile strength 
of production castings with results 
from 2-in. diam test bars (Table V) 
confirm the calculations for plate 
castings versus round bars—specifically, 
line 3 of Table IV is confirmed. Other 
examples of this type of correlation are 
given in the paper cited in the footnote 
to Table III 

Relationships developed for various 
specific castings are valid when an iron 
of controlled composition, and there- 
fore of similar section sensitivity, is 
used consistently. For instance, with 
copper-molybdenum iron of well con- 
trolled composition, tensile strength of 
65,000 psi in the 1.20-in. diam test 
specimen has been found to assure 
50,000 psi tensile strength in a cast 
crankshaft 7 ft long with sections 
thicker than 1.2 in. Such translation of 
properties of a small test bar to prop- 
erties expected in a larger section can- 
not be done indiscriminately, because 
different irons may vary widely in sec- 
tion sensitivity 


Prevailing Sections 


Although the ASTM “B” test bar 
(1.2-in. diam) is used for all gray irons 
from classes 20 to 60 inclusive, in prac- 


tice it is customary to be somewhat 
more definite regarding minimum pre- 
vailing casting sections feasible for the 
various ASTM types of cast iron. As 
summarized in Table VI, these mini- 
mum prevailing sections include the re- 
quirement for freedom from carbidic 
areas. In a platelike section, occasional 
thinner walls (such as ribs) are of no 
importance unless they are ridiculously 
thin or appended to the outer edges of 
the casting 

Physical properties of class 30 and 
class 50 gray irons in various sections 
are shown in Fig. 7. For the class 30 
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Fig. 9. Distribution of Hardness Test 
Results on Gray Iron for Various 
Ranges of Tensile Strength. Replot- 
ted from data of J. T. Mackenzie, 
Proc ASTM, 46, 1025, 1946 


iron, the combined carbon content and 
hardness are still at a safe level in sec- 
tions equivalent to a 0.4-in. plate, which 
has V/A ratio of about 0.20. For the 
class 50 iron, however, both the com- 
bined carbon and Brinell hardness 
show a marked increase when the 
equivalent plate section is decreased to 
about 06 in. thick, with V/A ratio 
around 0.27. These results are consist- 
ent with the minimum prevailing cast- 
ing sections recommended in Table VI. 
The hazards involved in pouring a 
given class of gray iron in a plate sec- 
tion thinner than recommended are 
discovered when the casting is ma- 
chined. Typical losses in the machine 
shop as a result of improper specifica- 
tion are shown in the following exam- 
ple of “hard spot” rejection rate for 
castings of prevailing section % in.: 


Class 35 Rejections 
Class 45 15 to 25 
Class 55 80 to 100 


negligible 
rejections 
rejections 
In marginal 


applications a higher 


test specification may sometimes be 
used by decreasing the cooling rate of 
the casting (‘and thus, in effect, in- 


creasing the section thickness) by judi- 
cious placement of flow-offs and risers 
An example is the successful produc- 
tion of a 1-in. diam single-throw crank- 
shaft for an air compressor. This shaft 
was hard at the extreme ends when 
poured in class 50 iron. The difficulty 
was corrected by flowing metal through 
each end into flow-off risers that ade- 
quately balanced the coeling rate at 
the ends with the center portion of the 
casting 

In summation, the selection of a suit- 
able grade of gray iron for a specific 
casting will necessarily require an eval- 
uation of the size and shape of the 
casting as related to its cooling rate, 
or volume /area ratio. For a majority of 
parts, this evaluation need be no more 
than a determination of whether or not 
the V/A ratio of the casting exceeds 
the minimum V/A ratio indicated for 
the grade being considered (Table VI) 


Test Bar Properties 


Mechanical property values obtained 
from test bars are sometimes the only 
available guide to the actual mechan- 
ical properties of the metal in produc- 
tion castings. When test bars and cast- 
ings are both poured from the same 
metal and the subsequent therma!) his- 
tories are nearly identical, the strength 
of test bars does give a general indica- 
tion of the strength of the metal in 
the castings. However, test bar results 
cannot be assumed to represent accu- 
rately the properties of each cubic inch 
of metal in the castings 

Usual Tests. Tension and transverse 
tests on bars cast for these purposes are 
the most common for evaluating the 
strength of gray iron 

Yield strength, elongation and reduc- 
tion of area are seldom determined in 
the standard tension test of cast iron 
The transverse test measures strength 
in bending and has the additional ad- 
vantage that a deflection value may be 
obtained readily (see articles on pages 
125 and 136 of the 1948 Metals Hand- 
book). Minimum specification values 
are given in Table VII. Data usually 
can be obtained faster from the trans- 
verse test than from the tension test 
because machining of the specimen is 
unnecessary. Also, centerline shrink- 
age, which may occur in the usual cy- 
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transverse test significantly. The 


made on a machined specimen 


ASTM Tensile 


20,000 
25,000 
35 35,000 
50 
60 


40,000 
50,000 
60,000 


Type “TC Si 


Class 20 BD 240 
Light section.......... to to 


O#75-in, test bar...... 3.80 2.60 
Class 20 2.30 
Medium section........ to to 

1.2-in, test bar is 3.60 2.50 
Class 20 eéee 3.10 2.20 
Heavy section to 

2.0-in, test bar... 330 240 


Class 25 3.30 2.20 
Light section , to to 
0875-in. test bar 3.50 2.40 
Class 25 .. 3.20 2.20 
Medium section....... to to 
1.2-in. test bar 340 240 
Class 25 . 3.00 1.90 
Heavy section... to to 
2.0-in. test bar 3.30 2.20 


BO. 320 62.10 
Light section to to 
0875-in, test bar 3.40 2.30 
Class 30 3,10 2.10 
Medium section ‘(oe to 
1.2-in, test bar.......... 3.30 2.30 
Class 30 2.90 1,70 
Heavy section. io to 
2.0-in, test bar... 2.10 


Class 35 


Light section, to to 
0.875-in. test bar 3.30 2.20 
Class 35... 3.00 180 
Medium section...... to to 
1.2-in, test bar... 3.25 2.10 
Class 35 - 2,80 1.60 
Heavy section.,.. to to 
2.0-in, test bar..... 3.10 2.00 


Class 40..... peed 3.00 1.00 


Light section... : to to 
0876-in. test bar 320 2.20 
Class 40... 295 1.70 
Medium section... to to 
1.2-in, test bar 3.15 2.00 
Class 40 2.75 1.50 
Heavy section to to 
2.0-in. test bar K 


Class 50 


Light section.. to to 
0.875-in. teat bar 3.10 2.10 
Class 2.70 1.70 
Medium section to to 
1.2-in, test bar 300 2.00 
Class 50 255 1.40 
Heavy section to to 
2.0-in, test bar.... - 2.86 1.70 


Class 60... . 2.70 190 


Light section to to 
0.875-in. test bar 300 2.20 
Class 60 2.50 1.90 
Medium section to to 
12-in, test bar 2.85 2.10 
Class 60 ; 2.50 1.20 
Heavy section to to 
2.0-in. test bar 2.80 


Minimum 


Class Strength, psi 
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lindrical test bar, does not affect the 


sur- 


face condition of the bar will affect the 
transverse test but not the tension test 


Hardness tests, on either test bars or 


castings, are used as an approximate 
measure of strength and sometimes as 
an inverse indication of machinability. 
Relations between Brinell hardness and 


0. 875-In. Diam 


Composition, % 
P Ss 


0.20 


to 
0.25 
0.15 

to 
0.30 
0.15 


to 
0.25 


(a) “Carbon equivalent” is calculated as 
use carbon plus 1/3 silicon. Data in this table from “Handboo 


900 
1,025 
1,150 
1,275 
1,400 
1,675 
1,925 


12-In. Supports 


Mn 


0.06 0.50 
to to 
012 0.70 
0.05 0.70 
to to 
0.10 1.00 
0.05 0.50 
to to 

0.12 0. 


vercentage carbon plus 03 times the sum of 
of Cupola Operation”, A 


1.2-In. Diam 


Table VII. Minimum Transverse Breaking Loads (ASTM A48) 


Minimum Transverse Breaking Load, ib 
2.0-In. Diam 


18-In. Supports 24-In. Supports 


1,800 
2,000 
2,200 
2,400 
2,600 
3,000 
3,400 


Average 
Carbon 


Equivalent'*’ 


3.54 


3.77 


3.37 


3.09 


6,000 
6,800 
7,600 
8,300 
9,100 
10,300 
12,500 


For separately cast test specimens. Included in specifications only by agreement 
between manufacturer and purchaser 


Table IX. Typical Compositions of Gray Iron Based on Strength and Section 


Metal 
Section 
Range, in. 


Brinell Transverse Tensile 
Hardness Transverse Deflection, Strength, 
Number Load, Ib in. psi 


160 
to 


tensile strength for a single class of 
iron are shown in Fig. 8, which indi- 
cates also a typical distribution of test 
results from 61 ladles of metal intended 
for class 40 gray iron castings. Statisti- 
cal results of 1495 tests on a variety of 
irons are shown in Pig. 9. 


Table VIII. Test Bars to Match Con- 
trolling Sections of Castings 


(ASTM A48) 
Controlling Diameter of 
Section, Test As-Cast Test 
in. Bar Bar, in. 
0.50 and less eee A 0.875 
OBItO 100 B 1.20 
101to200 . 2.00 


More than 2.00 ......Bar C or by agreement 


to to to 
1200 0.15 26,000 
1600 0.20 18,000 

to to to 
2200 0.27 24,000 
4500 18,000 

to to 
6500 22,000 


950 0.11 26,000 
to to to 
1300 0.16 29,000 
1800 0.22 26,000 
to to to 
2400 0.28 29,000 
6000 26,000 
to pee to 
7800 30,000 


1250 TT 30,000 
to eee to 
1500 eee 34,500 
6500 30,000 
to to 

8200 . 


to rr to 
1450 oe” 40,000 
2300 0.25 35,000 

to to to 
3000 0.35 39,000 
7500 0.32 35,000 

to to to 
9000 0.38 48.000 


1275 42,000 
to to 

1550 46,000 

2500 0.25 40,000 
to to 
$400 0.35 47,000 

8400 0.30 41,000 
to 


to t 
1800 oe 55,000 
$000 0.28 50,000 
to to to 
4000 0.34 57,000 

10,000 0.38 50,000 
to to to 


1750 60,000 
to eee to 
2000 65,000 
3400 0.25 60,000 

to to 
4500 040 65,000 
11,500 035 60 
to to to 
13,500 0.50 64,000 


perceneeae silicon and phosphorus. Some 
S, 1946 


‘ 
: to to to eve to 
0.80 0.13 0.70 eve 0.50 200 
020 006 .., 4.34 by 160 
to to to to 
ae 060 0.80 1 180 
0.20 008 0.50 3.98 1 130 
ae to to to ove and to 
040 013 0.80 eee up 180 
020 0.08 0,50 4.20 Up 160 
to to to to to 
0.50 0.13 0.80 eee 180 
eel 0.15 0.08 0.50 4.08 19 172 
ap to to to eee to to 
040 012 0.80 eee 1 207 
te 015 008 0.50 3.82 1 179 
to to to and to 
| 0.25 0.12 0.80 coe up 217 
015 0.08 0.50 4.03 179 
an: to to to eee to to 
030 O12 0.80 ase 1 228 
to ove eee coe eee 
ot 015 0.08 045 3.68 1 207 
to to see and to 
0.12 0.70 up 228 
10 2.00 0.08 045 3.90 179 1150 6.000 
to to to to 
012 0.70 es ty 228 
007 046 3.77 207 
: to to eee to to 
0.12 0.70 1 228 
010 006 045 1 183 
’ to to to oe and to 
0.20 0.12 0,70 eee up 217 
0.10 007 045 212 
= to to to eee to to 
0.25 0.12 0.65 241 
0.10 0.06 0.45 3.65 207 
es to to to ‘ to to 
020 O11 0.70 eee 1 241 
is, 0.07 0.05 0.50 3.42 1 180 
to to to ead and to 
oe 015 O12 06.70 eee up 217 B00 0.38 45,000 
0.10 0.06 050 3.62 228 600 Lo 
to to to to to 
020 O12 06.70 269 
7 0.10 0.06 0.60 3.45 16 228 
to to to to to 
0.20 O11 0.280 1 269 
Bre 0.07 0.06 0.60 3.20 1 207 
to to to and to 
015 O11 0.80 ose up 241 12,501 4,000 
0.10 3.51 228 
to ove see to 
0.20 eee 272 
to eee to 
0.15 eee 290 
to eee to 


Brinell 
SAE Hardness 
No Number 


ee 187 max 
170 to 223 
187 to 241 
121 . .. 202 to 255 
122 217 to 269 


SAE Handbook 


SAE No TC 
110 , 3.40 to 3.70 
3.25 to 3.50 
120 3.20 to 3.40 
121 3.10 to 3.30 
122 3.00 to 3.20 


SAE Handbook 


Mechanical Properties of Automotive-Type Gray Iron 


Table XI. Typical Base Compositions of Automotive-Type Gray Iron 


Minimum Minimum 
Transverse Deflection, 
Load, Ib in. 


Minimum 
Tensile 
Strength, psi 


1800 20,000 
2200 0.20 30,000 
2400 Om 35,000 
2600 0.27 40,000 
2800 0.30 45,000 


1955, page 180. Properties determined from arbitration test bar 
(1.2-in. diam) as cast or stress relieved at 1050 F max 


Si P Ss Mn: 
2.80 to 2.30 0.25 0.15 0.50 to 0.80 
2.30 to 2.00 0.20 0.15 0.60 to 0.90 
2.20 to 1.90 0.15 0.15 0.60 to 0.90 
2.10 to 1.80 0.12 0.15 0.60 to 0.90 
2.10 to 1.80 0.10 0.15 0.70 to 1.00 


1955, page 181. See Table X for mechanical properties. If either carbon 


or silicon is on the high side of the range, the other should be on the low side 


Typical Specifications. ASTM A48 is 
typical of specifications based on test 
bars: three sizes of separately cast 
cylindrical specimens are used to 
match, approximately, the controlling 
section of a casting with one of the 
standard test bar sections. After man- 
ufacturer and purchaser agree on a 
controlling section of the casting, the 
corresponding test bar is specified by 
the designations given in Table VIII 

Most engineering castings in gray 
iron are specified as either class 25, 30 
or 35. Specification A48 is based entire- 
ly on mechanical properties, and the 
composition to give the required prop- 
erties can be selected by the individual 
producer. A manufacturer whose ma- 
jor production is, for instance, medium- 
section castings of class 35 iron will 
find, for castings of heavy section where 
the 2-in. test bar is required for quali- 
fying, that the same meta] will not 
meet the requirements for class 35. It 
will qualify only for some lower class, 
such as 25 or 30. As thickness of the 
controlling section increases, the com- 
position must be adjusted to maintain 
the same tensile strength in the heavier 
sections 

Table IX gives typical compositions 
to meet the various classes of ASTM 
A48. The values in this table are only 
suggestions and not a part of the spec- 
ifications, 


but they have been com- 
puted carefully and checked against 
successful practice. It will be noted 


that increased strength is obtained by 
progressively lowering the carbon and 
silicon contents 

The SAE standard on automotive 
gray iron castings (‘Tables X and XI) 
exemplifies a set of requirements more 
specific than ASTM A48. Only one size 
of test bar is used (1.2-in. diam); an 
iron intended for heavy sections, such 
as SAE 122, is specified to have higher 
strength and hardness in the same 


Tensile Compressive 
ASTM Strength Strength, 
Class psi psi 


22,000 83.000 
25 26,000 97,000 
30 31,000 109,000 
35 36,500 124,000 
40 42,500 140.000 
52,500 164,000 
62,500 187,500 


standard test bar as used for SAE 111, 
which is intended for light-section 
castings. Many European specifications 
for gray iron castings are based on the 
use of a single size of specimen with 
varying requirements for different sec- 
tions 

ASTM specifications other than A48 
include: A159 (automotive), A126 
(valves, flanges and pipe fittings), A74 
(soil pipe and fittings), Al42 (culvert 
pipe), A44 (water pipe), A190 (light- 
weight and thin sections), A278 (pres- 
sure-containing parts for temperatures 
up to 650 F) and A319 (non-pressure- 
containing parts for elevated temper- 
atures) 

Compressive Strength. When gray 
iron is used for structure and machin- 
ery foundations or supports, the engi- 
neer is usually designing to support 
weight only, and he bases his calcula- 
tions on the compressive strength of 
the material. Table XII, giving typical 
values for mechanical properties of the 
various grades, shows the high com- 
pressive strength of gray irons. If 
loads other than dead weights are in- 
volved ‘(unless these loads are con- 
stant) the problem is one of dynamic 
stresses, which are discussed on the 
next page 

Tensile Strength is considered in se- 
lecting gray iron for parts intended for 
static loads in direct tension or bend- 
ing. Such parts include pressure ves- 
sels, autoclaves, housings and other 
enclosures, valves, fittings and levers 
Depending on the uncertainty of load- 
ing, safety factors of 2 to 12 have been 
used in figuring allowable stresses for 
such designs 

Transverse Strength and Deflection. 
When an arbitration bar is loaded as a 
simple beam and the load and deflec- 
tion required to break it are deter- 
mined, the resulting value is converted 
into a nominal index of strength by 


Table XII. Typical Mechanical Properties of Standard Gray Iron Test Bars, As Cast 


Torsional 


Shear Modulus of Elasticity, 
Strength, r million psi 
psi Tension Torsion 


26.000 


96 to 140 391056 
32,000 11L5to 46t0 60 
40,000 13.0 to 164 520656 
48 500 45to 172 581069 
57,000 16.0 to 20.5 
73,000 18.8 to 224 7280 
88 500 2Ato 


1005 


n. perir 


Fig. 10. Typical Stress-Strain Curves 
for Three Classes of Gray Iron in 


Tension. Modulus of elasticity is 
measured to points A, B and C, rep- 
resenting 4 of the tensile strength. 


using the standard beam formula. The 
value so determined is arbitrarily called 
the “modulus of rupture”. The values 
for modulus of rupture are useful for 
production control, but cannot be used 
in the design of castings without fur- 
ther analysis and interpretation. Rarely 
does a casting have a shape such that 
those areas subject to bending stress 
have a direct relationship to the round 
arbitration bar. A more rational ap- 
proach is to use the tensile strength 
(or fatigue limit) and, after determin- 
ing the section modulus of the actual 
shape, to apply the proper bending 
formula. However, because of the diffi- 
culty in obtaining a meaningful value 
for the tensile strength in tests of 
small specimens, the load computed in 
this manner will usually be somewhat 
lower than the actual load required to 
rupture the part, unless unfavorable 
residual stresses are present in the 
finished part 

Elongation of gray iron at fracture is 
very small (of the order of 0.006 in. per 
in.) and hence is seldom reported. The 
designer cannot use the numerical 
value of permanent elongation in any 
quantitative manner 

Torsional Shear Strength. As shown 
in Table XII, most gray irons have 
high torsional shear strength. Many 
grades have torsional strength greater 
than some grades of steel. This char- 
acteristic along with low notch sensi- 
tivity makes gray iron a suitable mate- 
rial for shafting of various types, 
particularly in the grades of higher 
tensile strength. Most shafts are sub- 
jected to dynamic torsional stresses and 
the designer should consider carefully 
the exact nature of the loads. For 
the higher-strength irons, stress con- 
centration factors associated with 
changes of shape in the part are im- 


Reversed 
Bending 
Fatigue 
Limit, pei 


Transverse 
Strength of Brinell 
12-In. Diam Bar, Hardness 
18-In. Span, Ib Number 


10,000 1850 156 
11,500 2175 
14,000 2525 201 
16,000 2850 212 
18,500 3175 
21,500 3600 262 
24,500 3700 302 
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portant for torque loads as well as for 
bending and tension loads 

Modulus of Elasticity. Typical stress- 
strain curves for gray iron are shown 
in Pig. 10. Gray iron does not obey 
Hooke’s law and the modulus in ten- 
sion is usually deternfined arbitrarily 
as the slope of the line connecting the 
origin of the stress-strain curve with 
the point corresponding to \% of the 
tensile strength. Some engineers use 
the slope of the stress-strain curve near 
the origin for determining the modulus 
of elasticity. 

As indicated in Table XII, the modu- 
lus of gray iron varies considerably 
more than for most metals. Thus, in 
using observed strain to calculate stress, 
it is essential to measure the modulus of 
the particular gray iron specimen being 
considered. The numerical value of the 
modulus in torsion is always less than 
in tension, just as it is for steel 

Hardness of gray iron, as measured 
by Brinell or Rockwell testers, is an 
average result of the soft graphite in 
the iron and the metallic matrix. Vari- 
ations in graphite size and distribution 
will cause wide variations in hardness 
(particularly Rockwell hardness) even 
though the hardness of the metallic 
matrix is constant. To illustrate this 
effect, the microhardness of the matrix 
of five types of hardened iron, as com- 
pared with Rockwell C measurements 
on the same iron, is shown in Table 
XIII. 

It is apparent that if any hardness 
correlation is to be attempted, the 
graphite must be constant as to type 
and amount in the irons being com- 
pared. It is recommended that Brinell 
hardness be used wherever possible. 


Fatigue Limit in Reversed 
Bending 


Because fatigue limits are expensive 
to determine, the designer usually has 
incomplete information on this prop- 
erty. Typical S-N curves for gray iron 
under completely reversed cycles of 
bending stress are shown in the graph 
on left in Pig. 11, in which each point 
represents the data from one specimen. 
The effects of temperature on fatigue 
limit and tensile strength are shown in 
the right-hand graph in Pig. 11. 

Axial loading or torsional loading cy- 
cles are frequently encountered in de- 
signing parts of cast iron, and in many 
instances these are not completely re- 
versed loads. Types of regularly repeat- 
ed stress variation usually can be ex- 
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pressed as a function of a mean stress 
and a stress range. Wherever possible 
the designer should use actual] data 
from the limited information available. 
Without precisely applicable test data, 
an estimate of the reversed bending 
fatigue limit of machined parts may be 
made by using about 35% of the mini- 
mum specified tensile strength of the 
particular grade of gray iron being con- 
sidered. This is probably a safe value 
rather than an average of the few data 
available concerning the fatigue limit 
for gray iron. 

An approximation of the effect of 
range of stress on the fatigue limit may 
be obtained from diagrams such as Pig 
12. The tensile strength is plotted on 
the horizontal axis to represent the 
fracture strength under static load 
(which corresponds to zero stress 
range). The reversed bending fatigue 
limit value is plotted on the ordinate 
for zero mean stress, and the two points 
are joined by a straight line. The re- 
sulting diagram is a chart for the 
fatigue limit (maximum value of alter- 
nating stress) for all values of mean 
stress 

Few data available are applicable to 
a design problem involving dynamic 
loading where the stress cycle is pre- 
dominantly compressive, rather than 
tensile. Some work done on aluminum 
and steel indicates that for compressive 
(negative) mean stress, the behavior of 
these materials could be represented by 
a horizontal line beginning at the fa- 
tigue limit in reversed bending as indi- 
cated in Fig. 12. Gray iron is probably 
at least as strong as this for loading 
cycles resulting in negative mean stress, 
since it is much stronger in static com- 
pression than in static tension. It is 
therefore a natural assumption that the 
parallel behavior as illustrated in Pig. 
12 is conservative. 

If the designer has confidence that 
the real stress cycle is known, and he 
has enough data available for a reli- 
able S-N diagram for the gray iron 
proposed, he might dimension the cast- 
ing to obtain a minimum factor of 
safety of 2 in fatigue. Some uses may 
indicate greater conservatism or more 
liberal loading. The approximate safe- 
ty factor is best illustrated by point P 
in Fig. 12. The safety factor is deter- 
mined by the distance from the origin 
to the fatigue limit line along a ray 
through the cyclic stress point, divided 
by the distance from the origin to that 
point. In Fig. 12 this is OF /OP 

On this diagram, point P’ represents 
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Table XIII. Comparison of Rockwell 
Hardness of Gray Irons, as Influenced 
by Graphite 


Rockwell C Matrix 
Hard- Con- 
ness‘* verted») 


Total 
Carbon, % 


Type of 
Graphite 


45.2'« 61.5 
43.1 614 
32.0 62.0 
54.0 62.5 
48.7 60.5 


(a) Measured by conventional Rockwell 
C test. (b) Hardness of matrix, measured 
with superficial hardness tester and con- 
verted to Rockwell C. (ic) Although this 
value was obtained in the specific test 
cited, it is not typical of gray iron of 3.06", 
C. Ordinarily the hardness of such iron is 
Rockwell C 48 to 50. 


a stress cycle having a negative mean 
stress. In other words, the maximum 
compressive stress is greater than the 
tensile stress reached during the load- 
ing cycle. In this instance, the safety 
factor is the distance OF’/OP’. How- 
ever, this analysis assumes that over- 
loads will increase the mean stress and 
alternating stress in the same propor- 
tion. This may not always be true, par- 
ticularly in systems with mechanical 
vibration where the mean stress may 
remain constant. For this condition the 
vertical line through P would be used: 
that is, DK/DP would be the factor of 
safety 

Most engineers use diagrams such as 
Fig. 12 mainly to determine whether a 
given condition of mean stress and cy- 
clical stress results in a design safe for 
infinite life. The designer can also de- 
termine whether variations in the mean 
stress and the alternating stress that he 
anticipates will place his design in the 
unsafe zone. Usually the data required 
to analyze a particular set of conditions 
are obtained experimentally. It is em- 
phasized that the cycles of alternating 
stress implied in Fig. 12 are those used 
to determine fatigue limits—approxi- 
mately 10 million. Fewer cycles, as en- 
countered in infrequent overloads, will 
be safer than indicated by a particular 
point plotted on a diagram for infinite 
life. Insufficient data are available to 
draw a diagram for less than infinite 
life 

Fatigue Notch Sensitivity. In gen- 
eral, very little allowance need be made 
for strength reduction caused by 
notches or abrupt changes of section in 
gray iron members in fatigue. The 
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Fig. 12. Diagram Showing Range of 
Stress for Cast Iron Subjected to 
Ranges of Repeated Arial Stress 
Superimposed on a Mean Stress 
Example point P illustrates condi- 
tions of tensile (positive) mean 
stress; P’ illustrates compressive 
(negative) mean stress. The safety 
factor is represented by the ratio 
of OF to OP or OF’ to OP’. For con- 
ditions of constant mean tensile 
stress, DK/DP is the safety factor. 
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lower-strength irons exhibit slight re- 
duction in strength in the presence of 
fillets and holes. That is, the notch 
sensitivity index approaches zero; in 
other words, the effective stress con- 
centration factor for these notches 
approaches 1. This characteristic is 
explained by the existence of a large 
humber of notches associated with the 
graphite flakes. The strength-reducing 
effect of these is included in the fatigue 
limit values determined by convention- 
al laboratory tests with smooth bars 
Higher-strength irons, however, have 
greater strength reduction but probably 
not the full theoretical value represent- 
ed by the stress concentration factor. 
Normal stress concentration factors 
(see Metals Handbook, 1954 Supple- 
ment, page 97) are probably suitable 
for high-strength gray irons. 


Selection for Pressure Tightness 


Gray iron castings are widely used in 
pressure applications such as cylinder 
blocks, manifolds, pipe and fittings, 
compressors and pumps. An important 
design factor for pressure tightness is 
uniformity of section. Parts of relative- 
ly uniform wall section cast in gray 
iron are pressure tight against gases as 
well as liquids. Most trouble with leak- 
ine castings is encountered when there 
are unavoidable abrupt changes in sec- 
tion. Shrinkage, internal porosity, hot 
tears and other defects are most likely 
to occur where heavy and light sections 
adjoin 

Watertight castings are considerably 
less challenging to the foundryman 
than gastight castings. Slight spongi- 
ness or internal porosity at heavy sec- 
tions either will not leak water or, if 
there is a slight seepage, internal rust- 
ing will soon plug the passages perma- 
nently. For gastightness, however, the 
castings must be quite sound 

Lack of pressure tightness in gray 
iron castings can usually be traced to 
internal porosity, sometimes called “in- 
ternal shrinkage”. In gray iron this 
seems to be a phenomenon distinctly 
different from the normal solidification 
shrinkage that often appears on the 
casting surface as a sink or draw, which 
can be cured by risering. Internal po- 
rosity or shrinkage is very difficult to 
prevent by even very heavy risers and 
is usually associated with composition. 

Visible internal porosity may appear 
at centers of mass when the phospho- 
rus content exceeds 0.25%. Chromium 
and molybdenum accentuate this effect 
of phosphorus, while nickel has a slight 
mitigating influence. Increasing the 
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Fig. 13. Relation of Carbon Equiva- 


lent to the Internal Porosity of Gra 
Iron (W.C. Jeffery et al, Trans AFS, 
62, 568, 1954) 


phosphorus content to 0.70% will in- 
crease the internal shrinkage, but an 
increase in “carbon equivalent”— total 
C + 03(Si + P) is a much more sig- 
nificant factor (Pig. 13). The distinct- 
ness of the two types of shrinkage, nor- 
mal and internal, is evidenced by the 
fact that increasing carbon equivalent 
decreases normal shrinkage, but greatly 
increases internal porosity 

The effect of phosphorus may be 
caused in part by the fact that lowering 
phosphorus content also lowers the ef- 
fective carbon equivalent. Some South- 
ern foundries have justified consider- 
able extra expense to provide low- 
phosphorus (0.25% max) iron for cast- 
ings that must pass an air-pressure 
test. Lowering the carbon equivalent 
by reducing carbon or silicon or both, 
instead of phosphorus, might similarly 
reduce leakage of pressure castings, but 
other foundry problems would be in- 
creased. ASTM A278 for pressure cast- 
ings requires a maximum carbon equiv- 
alent of 3.8% for castings to be used 


above 450 F and 0.25% P max 
In addition to composition control, 
good over-all foundry practice is re- 


quired for producing pressure-tight 
castings consistently. Sand and gating 
must be controlled to avoid sand in- 
clusions. A pouring temperature ade- 
quate for good fluidity must be main- 
tained, and heavy sections should be 
fed wherever possible. 


Selection for Impact Applications 


Where high impact resistance is 
needed, gray iron is not recommended 
Cast iron has considerably lower im- 
pact strength than either cast carbon 
steel or malleable iron. However, in 
many gray iron castings, some impact 
strength is important for resistance to 
breakage either in shipment or in use 

There is incomplete agreement on a 
standard impact test method for cast 
iron. Three methods that have been 
used successfully are given in ASTM 
A327. Most impact testing of cast iron 
has been used as a research tool 

In comparing cast irons for impact 


strength, the best irons have been 
shown to be those with the highest 
ratio of tensile strength to Brinell 


hardness. Impact strength by the drop- 
test method correlates best, empirically, 
with the value (TS)’/(Bhn)’, as shown 
in Fig. 14. 

Most producers of cast iron pressure 
pipe use a routine pipe impact test as 
a control. Impact strength in pipe is 
valuable principally to insure against 
breakage in shipping and handling. 


Ratio of (TS)” to (Bhn)* 


Fig. 14. Relation of Impact Strength 

to a Tensile-Brinell Ratio Factor 

in a Drop Test. Crosshatched area 

includes scatter of test results 

(J. T. MacKenzie, Proc ASTM, 46, 
1025, 1946) 


Machinability 


The machinability of most gray cast 
iron is superior to that of virtually all 
steel because of the graphite. Discon- 
tinuities in the matrix occupied by the 
graphite break up the chips, and the 
graphite serves as a lubricant 

In addition to the inherent machina- 
bility of cast iron, other factors are in 
many instances just as important for 
economically successful cutting. Among 
these factors, the following are often 
overlooked in tracing the origin of 
machining trouble 


1 The presence of chill at corners and 
in light sections 

2 The presence of adhering sand on the 

surface of the casting 

Swells, usually the result of soft molds 

Shifted castings 

Shrink 


Chill at corners and light sections is 
more likely to be encountered with 
small castings, with higher-strength 
irons, and with designs that have light 
sections in the cope or top of the mold 
Most foundries control their iron with 
a chill test that gives an indication of 
the tendency of the iron to form white 
or mottled iron in light sections. The 
foundryman may treat his iron with a 
small amount (1 to 5 lb per ton) of a 
graphitizing alloy such as ferro-silicon 
which effectively decreases chill. Inocu- 
lation to achieve control of the ten- 
dency to chill does not usually result 
in a significant change in the com- 
position or the physical properties of 
the iron. Light sections, such as 3/16 
in., are impracticable for an iron of 
higher than class 25. Class 30 iron can 
be cast with ‘\-in. sections. These 
values shift with a particular design 
depending on how the casting is made 
and gated. The important thing for the 
engineer to understand is that the cool- 
ing in the mold at the time of freez- 
ing is the controlling variable in the 
formation of white or mottied iron. If 
the thin section is in the drag or near 
the gate, the flow of hot metal heats 
the mold and thereby decreases the 
rate of cooling 

If chill is encountered it is generally 
best to correct the trouble at its origin 
It is usually uneconomical to anneal 
castings to remove chill. In addition to 
heat treating for 2 hr at 1660 F for 
unalloyed irons, recleaning may be re- 
quired for removing scale. Distortion 
beyond tolerance often occurs, and there 
is a sacrifice in hardness and strength 

Adhering sand, mentioned above, can 
usually be removed by effective clean- 
ing of the castings but sand present as 
the result of penetration of the tron 
into the mold wall is extremely difficult 
to blast-clean. This is a foundry defect 
which is best corrected at the source 
Slowing speeds and increasing feeds is 
the best approach to salvaging casat- 
ings of this type. Carbide tools are 
better than high speed steel for resist- 
ing the extreme abrasion of this sand 

Swells are most troublesome in oper- 
ations such as broaching and in other 
setups tooled for high production. The 
additional metal often places an ex- 
cessive load on the tool, which may 
chip or dull but not actually fail until 
some time after the troublesome parts 
have been put through the machine 
tool 

Shifted castings are similar to swells 
in their action on the cutting tools 
Shifts or swells may also cause exces- 
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sive tool loads if the locating points 
are affected. It is important to con- 
sider the positions of such locating 
points in design and also to avoid 
indiscriminate grinding of these in the 
foundry cleaning room. 

Shrinks are not often present but 
can be troublesome when they are en- 
countered in operations such as drill- 
ing. Often higher hardness is associ- 
ated with an area of shrink, and this 
may cause the drill to break or drift 
from its intended path. Cast iron is 
the easiest metal to cast without in- 
ternal shrink. The freezing of the 
eutectic liquid is accompanied by an 
expansion as the result of the precipi- 
tation of low-density graphite, which 
aids in obtaining internal soundness. 

Because machinability is complex, it 
has been impossible so far to evaluate 
it in simple tables. Criteria such as 
power per unit volume in unit time are 
of most importance in selecting a ma- 
chine tool and its motor size. Machin- 
ability ratings based on tool life under 
standard test conditions are helpful but 
are not readily interpreted into the 
economics of machining 

One way of indicating the effect of 
changing from one grade of iron to 
another is shown in Table XIV, from 
the U. 8. Air Force Machinability Re- 
port, Vol. 1, 1950, page 135. Purther 
data from this report are published in 
the 1954 Supplement of the Metals 
Handbook, page 141. 

Table XIV is based on experimental 
data obtained by using a carbide tool 
and establishing a fixed amount of tool 
wear as the result of removing 200 
cu in, of metal. The cutting speed was 
varied until this combination was ob- 
tained. The resulting indices of ma- 
chinability serve as an approximate 
qualitative evaluation but not as a 
quantitative index. Optimum cutting 
feeds, speeds and finish requirements 
must be studied for any given machine 
tool setup. Tool life is an important 
factor since the machine must be 
stopped to change tools and the tools 
must be resharpened. Progress has been 
made in decreasing the machine down- 
time for tool changes and the resharp- 
ening cost by the use of solid carbide 
inserts or bits, and by other means. 


Table XIV. Machinability of Gray Iron 


ASTM 
Microstructure 
Acicular iron 
Fine pearlite, alloy 
Ferrite (annealed) 
Coarse pearlite, no alloy 


Cutting 
Speed,‘* 
fpm 


150 
310 
960 
325 


Tensile Brinell 
Strength, Hardness 
psi Number 


59,000 263 
45,000 225 
15,700 100 
35,000 195 


(a) Cutting speed for tool life of 200 cu in. to produce 0.030-in. wear land on single- 
point carbide tools. Data from U. 8S. Air Force Machinability Report, vol. 1, 1950, p 135 


The greatly improved machinability 
of annealed gray iron has been advan- 
tageous to automotive and other in- 
dustries for many years. Annealing is 
usually of the subcritical type, such as 
1 hr at 1350 to 1400 F. Some employ 
a cycle of heating to 1450 to 1500 F 
and cooling at 40 deg per hr to 1100 F. 
These treatments graphitize the car- 
bide in the pearlite and result in a 
ferritic matrix. Finding it uneconomi- 
cal to graphitize primary carbide, most 
users try to avoid obtaining it. 

Annealing for improved machin- 
ability is most economical when the 
casting is small and the amount of 
machining large; a typical example is 
an automotive carburetor body 

The annealing treatments described 
result in a sacrifice of hardness and 
strength. A typical class 35 iron will 
be downgraded to about class 20 in 
strength by this treatment. In applica- 
tions where wear resistance is im- 
portant, such as cylinder blocks, gray 
iron is not annealed because of the 
unsatisfactory performance obiained 
with a ferritic matrix. 

Table XV and Fig. 15 show the re- 
sults obtained in structure and strength 
of a Class 35 iron. 


Selection for Wear Resistance 


Gray iron is widely used for ma- 
chine components that must resist 
wear. Different types of iron, however, 
exhibit wide differences in wear char- 
acteristics. These differences do not 
correlate with the commonly measured 
properties of the iron 

In the discussion that follows, the 
general conclusions are related to 
metal-to-metal wear under conditions 


Table XV. Effect of Annealing on 
Hardness and Strength of Class 35 Iron 


Tensile 
Strength, 
Condition psi 


Brinell 
Hardness 
Number 


38,900 217 
Annealed 23,900 131 
Composition of iron: 3.30% total C, 2.22% 
Si, 0.027% P, 0.18% S, 061% Mn, 0.038% Cr, 
06.03% Ni, 014% Cu, Mo nil. Annealing 
treatment: 1 hr at 1425 F, cooled in furnace 
to 1000 F 


of normal lubrication. Although most 
of the supporting illustrations are for 
engine cylinders, the results have wider 
applicability. 

Characteristics of Wear. The pub- 
lished data on wear of gray iron are 
somewhat inconsistent; accelerated 
wear tests often do not correlate with 
field service experience, nor does field 
experience in one application necessar- 
ily agree with that in another appli- 
cation. Since each of several types of 
wear in metal may be affected by a 
given property (such as graphite flake 
size) in a different manner, variability 
from application to application is not 
surprising. 

For components in sliding contact, 
such as engine cylinders, valve guides 
and latheways, the recognized types 
of wear are cutting, abrasive, galling 
and corrosive wear 

Cutting wear is caused by mechani- 
cal removal of surface metal as a 
result of surface roughness, and is sim- 
ilar to the action of a file; it usually 
occurs during the breaking in of new 
parts. Abrasive wear is caused by the 
cutting action of loose abrasive parti- 


Fig. 15. Structure of Class 35 Iron, As Cast (left) and after Annealing. X250 
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Test 
No. Type of Graphite‘* 
1 None 
2 100% Type D, 
centrifugally cast 
3 Type A, size 4 to 6, some 
Type B, centrifugally cast 
4 Same as 3 except cast in 
sand mold 
5 Type A, size 3 to 4, some 
Type C, sand cast 


Table XVI. Effect of Graphitic Microstructure 


on Resistance to Scuffing 


Total 
Carbon, % 


Resistance to 
Scuffing'' 


(5150 steel) <i 
3.25 (avg) 1.11 
3.28 133 
3.35 (avg) 130 
4.00 >» 145°" 


(a) Different chemical compositions were tested in two of the four types of iron 


See Table XVIII for compositions 


power 


Matrix of all specimens was tempered 
(b) Expressed as the ratio of horsepower to produce scuffing divided by 
(c) All the steel sleeves scuffed below normal horsepower 


martensite 
normal horse- 
(d) Maximum avail- 


able engine horsepower produced no scuffing 


Table XVII. Effect of Matrix Microstructure on Resistance to Scuffing 


Resistance 


Hardness'‘*' to Scuffing 


Test 
No. Microstructure of Matrix 
1 : Pearlite with ferrite occurring in 


areas of Type D graphite 
2 Martensite tempered at 400 F 
Martensite tempered at 800 F 
4 Martensite tempered at 950 F 
(a) See Table XIII and Fig. 19. 


196 to 227 Brinell <i™ 
Rockwell C 53 to 56 1.06 
Rockwell C 44 to 47 1.22 
Rockwell C 39 to 41 1.39 


(b) All sleeves scuffed below normal operating range 


Table XVIII. Compositions of Irons Reported in Table XVI 


No. Tc Si P Ss Mn Cr Ni Cu Mo 
Type D Graphite’) 
BOS - cscce 3.20 2.20 0.15 0.04 065 0.25 0.30 0.30 0.15 
BD savviese 3.08 234 0.110 0.033 0.68 0.45 0.56 0.22 
3.43 2.28 0.143 0.068 0.73 044 1.29 
Type A Fine Graphite'’: 
1 3.38 1.99 0.61 0.45 0.59 1.63 
es 3.28 2.46 0.23 0.068 0.70 024 0.27 oo 
3.35 2.20 0.12 0.09 0.70 0.35 0.12 1.15 
3.28 2.086 0.125 0.067 0.67 040 
5 3.12 2.67 0.176 0.047 0.35 0.38 0.27 1.25 Oil 
Type A Coarse Graphite 
1 4.00 154 0.056 0.023 0.77 1.39 042 


(a) Corresponds to test 2 in Table XVI. (b) Corresponds to tests 3 and 4 in Table 


XVI. (c) Typical composition 


cles that get between the contacting 
faces and act like a lapping compound. 
Galling is caused by metal-to-metal 
contact, resultant welding, and metal 
removal by breaking the welds. True 
galling occurs when this happens on a 
large scale and the metal is smeared, 
with resulting serious surface damage 
Even in properly operating equipment 
some wear occurs by this process on 
a microscale. An intermediate form of 
welding wear is called scuffing—less 
destructive than galling but causing an 
abnormally high rate of metal removal 
In all probability accelerated wear tests 
are predominantly tests of welding or 
scuffing wear 

Corrosive wear is a special type 
caused by the condensed acidic prod- 
ucts of combustion in engine cylinders 
during low-temperature operation. Usu- 
ally this kind of wear cannot be cor- 
rected by modifications in ordinary 
types of gray iron 

In well-designed machinery, wear 
proceeds at a slow rate and consists 
of combinations of mild forms of the 
types mentioned above. The predom- 
inant characteristic of this so-called 
“normal” wear is the development of 
a glazed surface during break-in. The 
primary object in any wear application 
is to establish conditions that produce 
and maintain this glaze. Beyond this 
is the second objective: minimizing the 
normal wear 

Assuming reasonable design and 
operating conditions for minimizing 


cutting and abrasive wear, the pre- 
dominant abnormal wear condition 
that may defeat the primary objective 
of establishing and maintaining a 
glaze, is scuffing or galling caused by 
welding 


Resistance to Seufling 


In very extensive tests of dry wear, 
several alloy combinations with widely 
varied microstructures were tested by 
A. B. Shuck (Trans APS, 56, 166, 1948) 
A brake-shoe type of specimen was 
held against a rotating gray iron drum 


for 1 hr after which both specimen 
and drum were checked for weight 
loss. The conditions of this test indi- 


cate that wear was caused primarily by 
welding, though cutting wear may have 
had a contributing effect. The tests 
covered almost all conceivable micro- 
structures and a wide variety of com- 
positions below 300 Bhn. The conclu- 
sions in agreement with other less 
comprehensive investigations were as 
follows: 


Microstructure determines 
ing characteristics 

As graphitic microstructure becomes 
coarser and tends toward type A, wear 
is decreased 

Interdendritic type D graphite and its 
associated ferrite give very poor re- 
sults 


the wear- 


Secondary ferrite associated with ran- 
dom type A graphite is less damaging 
than that associated with type D 

or tempered mar- 


Pearlitic, acicular 


tensitic 
ness range are equal in 
ance 
6 For 
matrix 
harder, 


structures in the same hard- 
wear resist- 
a given type of graphite, as the 
becomes more pearlitic and 
wear resistance increases 


These results are substantiated in 
some recent scuff tests of cylinder 
sleeves in a diesel engine. In these 


tests, an engine equipped with the test 
sleeves was operated at constant speed 
and the horsepower was increased by 
increments above normal until scuffing 
occurred. The scuffing horsepower was 
expressed as a ratio to normal horse- 
power 

Effect of Graphite Microstructure. 
To eliminate differences in matrix 
four types of gray iron were hardened 
and tempered at 400 F to produce a 
uniform martensitic matrix. The data 
in Table XVI show that the greater 
the flake size of graphite and the more 
of it, the greater the resistance to 
scuffing. The change in casting method 
in tests 3 and 4 caused no significant 
change in scuffing. The iron of test 
5 is one used in aircraft brake drums 
to give the maximum resistance to 
scoring. 

Effect of Matrix Structure. Similar 
tests, in which the graphite was type 
D and the matrix was varied, gave re- 
sults as shown in Table XVII. The 
combination of type D graphite and fer- 
rite in test 1 is especially poor even 
though the rest of the structure is 
pearlite. Pearlitic type A iron with 
small amounts of free ferrite gave 
ratios greater than 1.33 in the same 
tests, showing that the results obtained 
with type D graphite are peculiar to 
the combination. Type D_ graphite 
usually occurs in combination with fer- 
rite in as-cast irons 

The seemingly inconsistent results of 
this test wherein both hard and soft 
irons showed low resistance to scuffing, 
and the intermediate hardness ranges 
gave higher results, have been men- 
tioned also by Paul Lane as follows 
“Going from 160 to 260 Brinell in hard- 
ness results in decreasing scuffing 
tendencies; however, going from 260 
Brinell hardness upward, including the 
heat treated structures, increases the 
tendency to scuff.” 

It is apparent that these tests agree 
with those conducted by A. B. Shuck 
if it is assumed that Shuck's results 
apply to scuffing instead of normal 
wear. As indicated below, Shuck’'s re- 
sults are not in agreement with ap- 
plication tests on normal wear 

Other investigators have observed 
that a fine network of steadite ‘iron 
phosphide -iron carbide eutectic) in- 
creases scuff resistance, while mas- 
sive carbide reduces it 

Effect of Chemical Composition. The 
diesel cylinder scuff tests for evaluating 
effect of graphite utilized five different 
compositions from five foundries for 
tests 3 and 4, and three compositions 
from two foundries for test 2. Despite 


the variations in composition and 
source, as shown in Table XVIII, all 
fine type A irons performed nearly 


alike in the scuff tests. Similarly, the 
three type D materials performed es- 
sentially the same. No other compo- 
sition was checked with coarse type A 
graphite. To cover the subject of scuf- 
fing more completely, other factors 
were evaluated during the cylinder 
sleeve tests. They help to clarify some 
of the additional controversial aspects 
of wear 
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Surface Finish effects were deter- 
mined by running tests on honed fin- 
ishes of 30 and 90 micro-in. In each, 
the sleeves were made from type D 
graphite iron, hardened, and tempered 
at 400 F. The results were as follows 


Micro-In, Scuff Resistance 


1.33 


ditions until reduced to 20 
avg, then checked 1.11 


The coarser finish gives greater 
scuff resistance; however, this effect is 
lost if the finish becomes finer under 
normal operating conditions. The loss 
of scuff resistance by the smoothing 
effect of normal wear may account for 
some of the failures that occur in cer- 
tain applications after break-in has 
apparently been successful 

This anti-scuffing effect of surface 
coarseness probably accounts for the 
special finishes on some components, 
such as knurling followed by grinding 
or honing, wherein the beneficial effect 
of roughness is more permanent with- 
out the detrimental effect of increased 
cutting wear 

Other important factors affecting 
scuff resistance are the material and 
finish of the mating part and the 
type of lubricant used. 


Normal Wear 


The scuff resistance described above 
should not be confused with normal 
wear resistance. As in scuffing, normal 
wear resistance is affected by both 
graphite and matrix microstructure, 
and possibly by the composition of the 
iron. 

Some of the same sleeve materials 
involved in the scuff tests were oper- 
ated under conditions that produced 
normal wear with very little evidence 
of scuffing. Tests were run for ap- 
proximately 1000 hr, using chromium- 
plated compression rings on the 
pistons. All sleeves were hardened and 
tempered at 400 F. Results are given 
in Table XIX. Each of the three sleeve 
materials produced an optimum wear 
figure (underlined in the table). There- 
fore, the actual choice of sleeve mate- 
rial is a compromise 

Effect of Graphite Microstructure. 
It was concluded from the above tests 
that the graphite produces a surface 
roughening effect, which accounts for 
both the greater scuff resistance and 
the higher ring wear as the size and 
quantity of graphite are increased. In 
testing type D graphite sleeves with 
the rougher finish previously men- 
tioned, improved scuff resistance was 
also obtained, but at the expense of 
greater ring wear, apparently from 
cutting. The larger quantity of graph- 
ite in test 3 leaves less load-carrying 
metal surface, and greater normal wear 
on the sleeve is a logical result 

The higher sleeve wear in test 1 was 
probably caused by slight scuffing, 
which gave high wear values for some 
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sleeves tested, presumably because of 
the low safety margin of scuff resist- 
ance in this type of iron. Surprisingly, 
this mild scuffing did not seem to af- 
fect the chromium plated rings, which 
were apparently favored by the fine 
graphite. The plain gray iron oil-con- 
trol rings, however, wore more in test 1 
than in test 2. The principal effect of 
graphite on wear resistance is elimina- 
tion of scuffing, and when graphite 
is present in greater quantity and size 
than required for this purpose, it will 
reduce normal wear resistance un- 
necessarily. 

Effect of Matrix Microstructure. 
Gray iron is used for wear resistance 
in both the as-cast and hardened 
conditions. To illustrate the effect of 
some of the matrix variations on wear 
resistance, T. E. Eagan made compa- 
rable engine wear tests on seven types 
of gray iron cylinders, all of which ap- 
parently wore in a normal manner. 
A summary of his data is shown in 
Tables XX and XXI. 

Eagan’s principal conclusions are 
that wear is a function of microstruc- 
ture and chemical composition and 
that, unless alloyed with chromium or 
molybdenum, copper is detrimental to 
the wear resistance of gray iron 
(Some use copper to decrease chill and 
aid in obtaining pearlite, and in this 
sense copper aids wear resistance.) It 
also appears that best wear resistance 
is obtained with finer pearlite and 
graphite in as-cast irons 

By present standards, hardening is 
the most significant processing that 
can improve resistance to normal wear 
Although iron E in Table XX showed 
exceptionally good wear properties, 
it was less resistant than the hardened 
iron G, and at the same time could 
not be cast readily into the shape re- 
quired. Thus, the hardened iron was 
almost twice as resistant as the best 
practicable as-cast iron. From other 
extensive tests, it has been concluded 


that hardened iron has 
five times greater wear resistance than 
pearlitic as-cast iron of the same gen- 


eral composition (G. 


Foundry, Jar 


1. 1952). An 


as much as 


P. Phillips, 
other signifi- 


cant advantage is that hardening auto- 
matically eliminates the variations in 
cast matrix microstructures, and thus 
provides a superior iron of more de- 


pendable performance. 


In most ap- 


plications such as valve guides, lathe- 


ways, and various 


sliding members 


in machines and engines, satisfactory 
wear resistance is obtained with prop- 


erly specified 


and controlled as-cast 


gray iron. Hardened iron is used to ob- 
tain maximum wear resistance in se- 


vere wearing 


applications such as 


high-speed diesel cylinder sleeves, cam- 
shafts, gears and similar heavily loaded 
wearing surfaces. 


Dimensional Stability 


In selecting gray 


iron 


for a part 


requiring dimensional stability in serv- 
ice, the first consideration is the oper- 
ating temperature of the part in ques- 
tion. If this exceeds 900 F, a gray iron 
must be chosen that has been alloyed 
with a carbide-stabilizing element to 
carbide breakdown and 
growth of the part. Gray irons with 
chromium content of about 1% are 
commonly used in the operating range 
1400 F. Table XXII in- 


prevent iron 


from 900 to 
dicates the e 


flectiveness 


of chromium 


in preventing growth in cast iron 


A gray iro 
an elevated 


mn part that 
temperature 


operates at 
will deform 


by creep if the load is great enough 
giving creep character- 
istics of several irons at 700 F and with 


Table XXIII, 


stresses ranging from 


10, 


500 to 24,000 


psi, clearly demonstrate the effective- 
ness of molybdenum additions in im- 
proving the creep properties of gray 
iron. Table XXIV lists 
that may operate above 900 F 

If the part under consideration is to 


typical parts 


Table XIX. Effect of Type of Graphite on Wear Resistance 


Test Type of Total 

No, Graphite Carbon, % 
100% type D 3.10 to 3.40 
2..... Type A, size 4 to 6, some type B 3.25 to 3.50 
3 ..... Type A, size 3 to 4, some type C 4.00 


(a) See Table XVI. (b) Inches per 1000 hr. 


Resistance to 
Scuffing'* 


Sleeve Ring 
Wear'* 


1.11 0.003 0.002 
1.30 0.020 0.027 
1.45 0.0035 0.085 


(c) Gap-increase, in. per 1000 hr 


Table XX. Effect of Matrix Microstructure on Resistance to Normal Wear 
(T. E. Eagan) 


Matrix 


Lamellar pearlite 
Lamellar pearlite plus phosphide 
to 6 Fine lamellar pearlite 

8 Very fine lamellar pearlite plus 


Rate of Wear, 


in. per 1000 hr 


undetermined constituent 


as Iron D 


pearlite plus 


No. of Type and Size 
Iron'*) Tests of Graphite 
28 A, size 3 to 4 
19 A, size 4 
4 A, size 5 
6 A, size 7 to 
 evsekeue 30 A, size 5 to 6 Same 
3 A, size 3 to 4 Lamellar 
G 2 Not shown Martensite 


ferrite 


(a) Compositions are given in Table XXI. 


Iron c Si P Ss Mn Ni 

... 300 to 330) 1.15 to 1.35 0.20 max 0.12 max 0.90 to 1.10 

B. :cheve ses 3.40 max 150 max 035 t0 050 0.13 max 0.90 max 

CS Setsedeccene 285 to 3.30 1.25 to 1.75 0.20 max 0.12 max 1.00 max 

280 to 3.10 46 to 50 0.20 max 0.12 max 

3.10 to 3.40 3.30 to 3.70 0.40 max 0.12 max 

3.30 to 340 to 2,00 0.20 max 0.12 max 0.90 to 1.10 
POYTTTTITT to 3.20 1.15 to 1.35 0.20 max 0.12 max 0.90 to 1.10 


Table XXI, Composition of Irons Reported in Table XX (T. E. Eagan) 


Cu 


0.80 to 1.10 


100t0150 ..... 


0.30 to 040 
1.90 to 2.20 
1.20 to 1.50 


0.0057 
0.0012 
0.0009 


0.00097 
0.00062 


0.002 
0.00048 


Mo 


0.25 to 0.35 


} 
= Cr 
0.40 to 0.50 


15,000 psi 


Fig. 16. Location and Magnitude of Residual Stresses in Two Gray Iron Castings 


operate below 
dimensional 
sidered 
practice. 

Residual Stresses are present in all 
castings in the as-cast condition and 
are caused by: 


900 F, two sources of 
inaccuracy must be con- 
residual stress and machining 


1 Nonuniform cooling of the surface of 
the casting in comparison with the 
center of any given cross section 
Difference in cooling rates between 
sections of the same casting, because 
of different cross sections or locations 
in the mold 

Resistance of the mold to contraction 
of the casting during cooling 


N 


Residual stresses in cast iron wheels 
have been reported as high as 32,000 
psi. Magnitudes of 25,000 psi have been 
observed in localized areas of other 
gray iron castings. Residual stresses in 
engine cylinder blocks have been 
measured as high as 19,000 psi. Figure 
16 shows two examples of residual 
stress in light castings, as determined 
with resistance strain gages 

If residual stresses are high enough, 
they may relieve themselves slightly 
at a very slow rate at room tempera- 
ture. This is the origin of the old prac- 
tice of aging castings for three months 
to a year before machining. However, 
modern methods of investigation indi- 
cate that a maximum of only 15% of 
the residual stress can be relieved by 


Table XXII. Effect of Chromium in 
Preventing Growth of Gray Iron 
Growth,'* 
Type of Iron in. per in 
Base iron'' . 0.006 
Base + 0.54% Cr 0.001 
Base 100% Cr 0.000 
(a) Growth after heating specimen to 
1800 F and cooling to room temperature 
(b) Composition of base iron: 3.35) total 
2.88" graphite C, 0A7 combined C, 
238% Si, 0.178% P, 0.106% S, 044% Mn, 
017% Ni, 0.15% Cr 


Total Graphiti« 
Carbon, Carbon, Si, 


Alloying 


2.70 1.50 None 

2.95 2.10 245 None 

3.20 2.60 1.15 Ni 150 
2.75 2.27 2.10 Mo 083 
2.72 2.06 2.50 Mo 083 
2.72 2.06 2.50 Mo 083 
2.72 2.06 2.50 Mo 083 


(a) Symposium on Cast Iron, AFA and ASTM, 


which was 0.15". (c) 0 to 500 hr. 


Element,‘ 


aging, and therefore the practice is 
seldom used today. Table XXV shows 
that aging for 84 days at room tem- 


perature had no stress relieving effect 
The values of strain shown are associ- 
ated with residual stresses close to the 
tensile strength of the class 35 iron 
The reader is cautioned against using 
published values of the modulus of 
elasticity of gray iron in calculating 
stress from high values of strain (note 
Fig. 10 and also variation in Table XII) 

Only a small percentage of castings 
are stress relieved before machining, 
chiefly those requiring exceptional ac- 
curacy of dimensions or those with a 
combination of high or nonuniform 
stress associated with low section stiff- 
ness. Castings having a variety of sec- 
tion thicknesses or very complex de- 
signs can have especially high residual 
stresses. Also, castings of class 40, 50 
and 60 iron are more likely to have 
high residual stresses 

Figure 17 shows stress relief at seven 
temperatures between 600 and 1100 F 
The range from 900 to 1100 F is recom- 
mended 

Castings with residual stress have 
tension and compression balanced in 
the as-cast piece and are dimensionally 
stable at room temperature. When part 
of the surface is removed in machin- 
ing, the balance of forces is altered. If 
the casting is of relatively stiff section 
there may be no noticeable change in 
dimensions. Distortion will be most 
evident in castings of low stiffness from 
which a large volume of highly stressed 
metal has been removed 

Since the surface of a casting is 
often the principal site of residual 
stresses, a large proportion of the 
stress is relieved by rough machining 
with consequent maximum distortion 
If, before final machining, the casting 
is relocated carefully and properly sup- 
ported in the machine-tool fixtures 
acceptable dimensional accuracy will 
usually be obtained in the finished 
piece 


Table XXIII. Results of Creep Tests of Gray Iron at 700 F'") 


Tensile End 
Strength, Limit Stress, 
psi Bhn psi psi 


: 197 14,500 10,500 
45,000 237 22.500 10,500 
44,500 230 17,500 10,500 
59,500 241 10,500 
52,500 241 17,200 
52,500 241 19.500 
52,500 241 ° 24,000 


Table XXIV. Typical Gray tron Parts 
That May Operate Above 900 F 


Approximate Operating 


Part Temperature Range, °F 


Permanent molds .......... 500 to 960 
Cylinder heads 450 to 1000'*) 
Exhaust manifolds .......... 300 to 1200 
Valve seat inserts .......... 800 to 1300 
Furnace castings such 

as grates and frames 500 to 1400 


(a) Loeally 


Table XXV. Effect of Aging Time at 


Room Temperature on Residual Strain 
Time Residual Strain, 
days micro-in, per in. 


0 3030 
ay 2860 
63 3020 
a4 2055 


Observed differences are much less than 
the variation expected from experimental 
error and from the normal differences 
among the five different test castings. 


In designing fixtures, it must be 
recognized that the usual gray iron 
(class 30) has a modulus of elasticity 


of about 14 million psi, which means 
that the deflection under tool bit loads 
will be approximately twice as great in 
cast iron as in a steel part having the 


same section. The following example 
illustrates the importance of using 
proper fixtures to support gray iron 


castings during machining 

The part to be machined was a class 
30 iron wire-drawing sheave of 31'% in 
OD with a single machined groove. The 
thickness of the sheave rim was % in 
and the rim was connected to the cen- 
ter hub by six spokes, ranging from ‘» 
to \ in. thick. Before machining, the 
casting was stress relieved at 950 to 
1000 F. After a group of these castings 
had been machined, a wavy condition 
appeared at the rim, ranging from 
0.030 to 0.050 in., as shown by indicator 
readings 

Investigation of the machining prac- 
tice disclosed that the fixture used to 
hold this sheave during the machining 
operation was constructed of a large 
steel ring 5 in. wide by 3 in. thick 
which received the rim of the sheave 
casting on three set screws 120 deg 
apart, Between each pair of set screws 
were four spring-loaded pins to furnish 
further support to the sheave rim dur- 
ing machining 

A new fixture designed for this part 
eliminated point support for the caat- 
ing during machining, and reduced the 
rim variation to a maximum of 0.006 
in., which was acceptable 
It is difficult to make genera] state- 


y Deformation, mils per in. per hr 


0 150 450 00 1200 
to to to to to 
150 450 900 1200 2000 
ht hr hr hr hr 


12.1 12.1 54 a4 30 

53 53 53 aA 00 

53 00 09 

on OB 22 00 
10.0 00 
16.7 3.7 08 00 
30.0 67 14 04 


max 8S, 06.7% Mn, except the nickel iron 
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Wa 

,500 ps eO 

1933, (b) Also about 0.2% max P, 0.1% 


= 


pet 


ments concerning the dimensional 
stability that can be achieved in a gray 
iron casting without stress relieving 
However, it is well known that automo- 
tive engine blocks are taken directly 
from the foundry without stress reliev- 
ing and are machined to tolerances of 
*0,0002 in. in such areas as crankshaft 
bearings, camshaft bearings and cyl- 
inder bores. Therefore, if a casting is 
properly designed, and cast under con- 
trolled conditions, and if proper ma- 
chining practice is followed, extremely 
high dimensional stability can be ob- 
tained in many applications without 
stress relieving the castings 

Table XXVI illustrates the effect of 
a stress-relief heat treatment on cylin- 
der sleeves for a tractor engine. The 
data show no consistent improvement 
of dimensional! stability as a result of 
stress relieving. Similar results have 
been obtained for gray iron pistons 


Effect of Shakeout Practice 


The shakeout practice used by the 
foundry may be influential in estab- 
lishing the pattern of residual stresses 
in castings, since the basic cause of 
most residual stresses is the different 
cooling rates of light and heavy sec- 
tions, which cause the casting to con- 
tract differently in these sections. This 
differential contraction may cause the 
casting to rupture in the mold (“hot 
crack”) or, if the iron has adequate 
ductility at high temperature, plastic 
flow may occur without hot cracking 
However, a casting that has undergone 
localized plastic flow because of the 
temperature variation, is likely to have 
some residual stress when it reaches 
room temperature. Areas that were 
hottest in the mold will generally be 
too short in relation to those that were 
colder, and the casting may be dis- 
torted or left with high residual stress 

It is not always possible to help this 
condition by a long delay before dump- 
ing the mold, though this is beneficial 
in many instances. Each casting must 
be analyzed to determine the influence 
of different practices on decreasing the 
temperature difference between sec- 
tions. Castings with cores, such as a 
barrel core in a heavy-walled cylinder, 
may be aided by dumping while quite 
hot and knocking out the core, which 
may be a significant heat reservoir 
Radiant cooling of thin outer shells 
must be taken into consideration, since 
this is generally much more rapid than 
cooling of metal jacketed on either 
side by core sand. 

In addition to its effect on residual 
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Fig. 17. Stress Relief of Gray Iron 
at Various Temperatures (J. H. 
Schaum, Trans AFS, 61, 646, 1953) 
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Table XXVI. Effect of Stress Relieving on Alloy Gray Iron Sleeves 
for a Tractor Engine 


Condition‘) 


Rough, as cast 

Rough, stress relieved 
Machined, as cast ee 
Machined, stress relieved.... 
Rough, as cast 

Rough, stress relieved 
Machined, as cast 
Machined, stress relieved +f 


= 


Change in Dimensions,‘"’ 0.001 in.- 
A B Cc 


Rockwell 
B 
Hardness 


— 3 
— § 
+11 
9 
-3 
2 
10 
+12 


(a) Composition of the iron was: 335+ 0.15% C, 215*+015% Si, 020% P, 012% 5S, 


065 +015 Mn, 040+ 020% Cu, 0.20% 0.15% 


Cr. Where stress relieving was used, the 


castings were heated slowly to 1025 F, held 12 min and furnace cooled to 700 F. (b) Each 
number is the average of measurements on ten castings. A, B and C are diametral 
measurements; D is a change in a dimension originally 1.000 in. on the surface of the 
casting. The negative sign indicates a closure after a strip was cut from the casting; 
the positive sign indicates an opening of the sleeve. 


stress, shakeout practice may influence 
the microstructure and hardness of 
gray iron castings. If the iron is 
austenitic at the time the mold is 
dumped, higher hardness may result 
Many types of microstructure may be 
obtained, since the austenite in thin 
sections may transform in the mold, 
whereas in heavier sections that cool 
more slowly the transformation may be 
delayed until the air cooling after 
shakeout. In general, the effect of 
shakeout practice on hardness is 
negligible in wunalloyed irons. Alloy 
irons are the most sensitive. The mar- 
tensitic irons that contain enough 
alloying elements to reach full hard- 
ness with slow cooling in the mold will 
display little, if any, difference. Table 
XXVII gives data for two irons. 


Alloying to Modify 
As-Cast Properties 


The term “alloying” as used here 
does not include inoculation, since by 
definition the effect of inoculating on 
the mechanical properties of an iron is 
greater than can be explained by the 
change in chemical composition. 

Strength and hardness, resistance to 
heat and oxidation, resistance to corro- 
sion, electrical and magnetic charac- 
teristics, and section sensitivity can 
be changed by alloying, which has ex- 
tended the application of gray iron 
into flelds where costlier materials have 
normally been used 

There has also been considerable re- 
placement of unalloyed gray iron by al- 
loyed iron in applications where greater 
service life or greater safety factors 
are required and where greater service 
demands are put on engine castings by 
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Fig. 18 Changes in Mechanical 
Properties of Gray Iron with Tem- 
pering Temperature 


Table XXVIII. Effect of Shakeout Prac- 
tice on the Hardness of Gray Iron 
Castings 


Time,'*’ min Bhn 


Class 


302 

. 293 

269 

248 
(a) Time interval between pouring and 
shakeout. (b) Composition: 3.35% C, 2.40% 
Si, 065% Mn. Casting of 8-ib wt, avg sec- 
tion % in., poured at 2600 F. (c) Castings 
were below 1000 F 20 min after pouring 
(d) Composition: 340% C, 2.10% Si, 0.60% 
Mn, 040% Cr, 0.93% Mo. Casting weighing 
23 Ib, with average section of 7/16 in., 

poured at about 2600 F 


increasing horsepower and speeds. 

The use of alloy iron often depends, 
in practice, on the relative production 
requirements in a given foundry. When 
the applications for alloy iron in a 
given plant are a small fraction of the 
total production, manufacturing policy 
may dictate the use of unalloyed iron 
for all castings in order to achieve 
maximum uniformity of production 
practice. Continuous production of 
1000 to 3000 lb of alloy iron is usually 
needed for economical! utilization. 

The most effective single element in 
increasing the strength of irons is 
molybdenum. Chromium, nickel and 
copper can also be used to advantage 
In many irons a combination of the 
elements will be most effective. 
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Table XXVIII. Hardness of Quenched Samples of Gray Iron 


—Cr-Ni-Mo Cast Iron 


Combined Brinell Combined Brinell 
Condition Carbon, % Hardness Carbon, % Hardness 
After quenching from 
1200 F 0.54 207 0.65 250 
1250 0.38 187 0.63 241 
1300 0.09 170 059 229 
1350 0.09 143 047 217 
1400 nil 137 045 197 
1450 0.05 143 042 207 
1500 047 269 0.60 444 
1550 0.59 444 0.69 514 
0.67 477 0.76 601 


Specimens were 1.2-in. diam bars, 2 in. long, 


Por developing resistance to the 
softening effect of heat and protection 
against oxidation, chromium is the 
most effective element. It stabilizes the 
iron carbide and therefore prevents the 
breakdown of carbide at elevated tem- 
peratures; 1% Cr gives adequate pro- 
tection against oxidation up to 1400 F 
in many applications. For temperatures 
above 1400 F the chromium content 
should be greater than 15% for pro- 
tection against oxidation. This percent- 
age of chromium changes the material 
to a white alloy iron 

For corrosion resistance, chromium, 
copper and _ silicon effective. 
Amounts from 0.2 to 10% Cr decrease 
the corrosion rate in sea water and 
weak acids. The corrosion resistance of 
iron to dilute acetic, sulfuric and hy- 
drochloric acids and acid mine water 
can be increased by addition of 0.25 to 
10% Cu. For sulfur and acid corrosion, 
15 to 30% Cr is effective. Silicon addi- 
tions in the range of 14 to 15% give 
excellent corrosion resistance to sulfuric, 
nitric and formic acids; however, both 
high-chromium and high-silicon trons 
are white; the high-silicon irons are 
extremely brittle 

The electrical and magnetic proper- 
ties of cast iron can be modified slightly 
by minor additions of alloying ele- 
ments, but a major change in charac- 
teristics can be accomplished by use of 
approximately 15% Ni, or nickel plus 
copper, which results in an austenitic 
iron that is virtually nonmagnetic. The 
austenitic gray irons also have good 
resistance to oxidation and growth up 
to 1500 F. 

Molybdenum is the most effective 
element in modifying section sensitivity 
and is normally added in amounts of 
05 to 10% 

Base Irons. The selection of alloying 
elements to bring about modification of 
as-cast properties in gray iron depends 
to a large extent on the composition 
and method of manufacture of the base 
iron. For example, a foundry producing 
a base iron of 23% Si and 34% total 
C for automotive castings might add 
05 to 10% Cr if required to make 
heavier castings with the same hard- 
ness and strength as the normal cast- 
ings. However, a foundry producing a 
base iron of 1.7% Si and 3.1% C for 
a heavy casting would add 05 to 08% 
Si to decrease hardness and chill when 
pouring their iron in light castings. 

Depending on the strength desired 
in the final iron, the carbon equivalent 
of the base iron may vary from ap- 
proximately 44% for weak irons to 
30% for high-strength irons. The 
method of producing the base iron will 


quenched in oil from temperatures shown 


affect mechanical properties and the 
alloy additions to be made, since fac- 
tors such as type and percentage of 
raw materials in the metal charge, 
amount of superheat, and cooling rate 
of the iron after pouring, all affect the 
properties. The base iron used for alloy- 
ing will vary considerably from foundry 
to foundry as will the alloying ele- 
ments selected to give the desired me- 
chanical properties. However, parts 
produced from different base irons and 
alloy additions can have the same prop- 
erties and perform the same in service 

A typical base iron in a foundry pro- 
ducing automotive castings contains 
335*0.15% total C, 215*0.15% Si, 
0.14% 8, 0.15% P and 065*015% Mn 
Typical transverse strength of such an 
iron as cast, would be 2200 Ib (1.2-in 
diam bar, 18-in. centers); tensile 
strength, 30,000 psi (1.2-in. diam bar); 
and Brinell hardness, 179 to 241. 

Examples of how the above base iron 
can be modified for various applications 
in automotive parts are as follows: 


1 For resistance to growth, oxidation 
and heat checking, and for application 
as heavy-duty diesel and gas engine 
eylinder heads, brake drums and ¢x- 
haust manifolds, a typical composition, 
after alloy addition to the base iron, 
would be: 3.35% total C, 2.15% Si, 
1.25% Ni and 065% Cr (with other 
elements unchanged). This wil! result 
in average transverse strength, as cast 
of 2400 Ib; transverse deflection, 0.26 
in.; tensile strength, 35,000 psi; and 
Brinell hardness, 179 to 277. This al- 
loy addition would increase the cost of 
the metal in a typical casting by 1 6¢ 
per ib of iron 

Castings requiring strength, such as a 
differential case, could have the base 
iron modified to the following typical 
composition: 335% total C, 2.15% Si 
030% Ni, 0.25% Cr and 060% Mo. This 
iron would have average transverse 
strength, as cast, of 2700 Ib: trans- 
verse deflection, 030 tensile 
strength, 45,000 psi; and Brinell hard- 
ness, 196 to 277. This alloy addition 
would cost about 1.8¢ per ib of tron 
Castings requiring resistance to heat 
and to corrosion by fuel, as in a diese! 
engine precombustion chamber, can 
be modified to the following typical 
composition: 3.35% total C, 240 Si 
and 106% Cr. This would result in 
test bars having average transverse 
strength, as cast, of 2600 ib; transverse 
deflection, 0.28 in.; tensile strength 
40,000 psi; and Brinell hardness, 187 
to 269. The cost of the alloy addition 
to make this modification to the base 
iron would be about ')¢ per ib of tron 


Heat Treatment 


Gray iron, like steel, can be hardened 
when cooled rapidly or quenched from 
a suitable elevated temperature. The 


quenched iron may be tempered by re- 
heating in the range from 300 to 1200 F 
to increase toughness and _ relieve 
stresses. The quenching medium may 
be water, oil, hot salt or air, depending 
on the composition and section size 
Heating may be done in a furnace for 
hardening throughout the cross sec- 
tion, or it may be localized as by in- 
duction or flame so that only the 
volume heated above the transforma- 
tion temperature is hardened. In the 
range of composition of the most com- 
monly used unalloyed gray iron cast- 
ings—that is, about 18 to 25% Si and 
3.0 to 3.5% total C the transformation 
range is from about 1400 to 1550 F 
The higher temperature must be ex- 
ceeded in order to harden the iron 
during quenching 

During the heating of unalloyed gray 
iron for hardening, graphitization of 
the matrix frequently begins as the 
temperature approaches 1100 to 1200 F 
and may be entirely completed at a 
temperature of 1350 to 1400 F. This 
temperature range is used for maxi- 
mum softening 

The changes in combined carbon 
content and hardness that occur on 
heating and quenching both alloyed 
and unalloyed gray iron are shown in 
Table XXVIII 

Ordinarily gray iron furnace 
hardened from a temperature of 1575 
to 1600 F. This results in a combined 
carbon content of about 0.7% and a 
hardness of about Rockwell C 45 to 52 
(415 to 514 Brinell) in the as-quenched 
condition. Temperatures much above 
this are not advisable because the as- 
quenched hardness will be reduced by 
retained austenite 

Oil is the usual quenching medium 
for through hardening. Quenching in 
water may be too drastic and cause 
cracking and distortion unless the cast- 
ings are massive and uniform in cross 
section. Hot oil and hot salt are some- 
times used as quenching mediums to 
minimize distortion and quench crack- 
ing. Water is often used for quenching 
with flame or induction hardening 
where only the outer surface is 
hardened 

Hardenability. The hardenability of 
unalloyed gray iron is about equal to 
that of low-alloy steel of similar matrix 
carbon content. The hardenability can 
be measured with the standard end- 
quench hardenability test employed for 
steels. The hardenability of cast iron 
is increased by the addition of chro- 
mium, molybdenum or nickel. Gray 
iron can be made air-hardenable by 
addition of the proper amounts of these 
elements. Some typical data on harden- 
ability of plain and alloyed irons are 
shown in Table XXIX. Compositions of 
the irons are listed in Table XXX 

Mechanical Properties. As-quenched 
gray iron is brittle. Tempering after 
quenching improves atrength and 
toughness but decreases hardness. A 
temperature of about 700 F is required 
before the impact strength is restored 
to the as-cast level. The tensile 
strength after tempering may be from 
35 to 45% greater than the strength of 
the as-cast iron. Changes in properties 
brought about by quenching and tem- 
pering are shown in Pig. 18 

Heat treatment is not ordinarily used 
commercially to increase the strength 
of gray iron castings, because the 
strength of the as-cast metal can be 
increased at less cost by reducing the 
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Data from G. A. Timmons, V. A. Crosby and A. J. Herzig, Trans AFS, 49, 397 1941). 


silicon and total carbon contents or by 
adding alloying elements. Gray iron is 
usually quenched and tempered to in- 
crease the resistance to wear and abra- 
sion by increasing the hardness. A 
structure consisting of graphite em- 
bedded in a hard martensitic matrix is 
produced by heat treatment. This 
process can replace the white iron sur- 
face usually produced by chilling, and 
can replace alloy irons in many applica- 
tions with possible saving in cost. It can 
be applied where chilling is not feasible, 
as with complicated shapes or large 
castings, or where close tolerances are 
required that can be attained only by 
machining. Heat treatment extends the 
field of application of gray iron as an 
engineering material 

The hardness of quenched and tem- 
pered gray iron measured with either 
a Brinell or Rockwell C test is an inte- 
gration or the resultant of the hardness 
of the metal matrix and the graphite 
The hardness of the matrix itself, 
measured with a microhardness test, is 
generally from 8 to 10 points harder 
on the Rockwell C scale than the hard- 
ness indicated by the conventional 
Rockwell C test. This is shown in Fig. 
19, which compares Rockwell C hard- 
ness with the hardness of the matrix 
itself measured with a Vickers indenter 
and 200-¢ load and the values con- 
verted to equivalent Rockwell C. The 
hardness of the matrix and the change 
in matrix hardness with tempering 
temperature are about the same as in 
an alloy steel of approximately 0.7% C. 

After tempering at 700 F for maxi- 
mum toughness, the hardness of the 
metal matrix is still about Rockwell C 
50. Where toughness is not required 
and a tempering temperature of 300 
to 500 F is acceptable, the matrix hard- 
ness is equivalent to Rockwell C 55 to 
60. The combination of high matrix 
hardness and graphite as a lubricant 
results in a surface with good wear 
resistance for some applications—for 
instance, farm implement gears, sprock- 
ets, diesel cylinder liners and automo- 
tive camshafts. 

Dimensional change resulting from 
hardening gray iron is quite uniform 
and predictable if the prior structure 
and composition are uniform, Such di- 
mensional changes can be allowed for 
in machining before heat treatment. 

Complex shapes or nonuniform sec- 
tions may distort as a result of relief of 
residual casting stresses or differential 
rates of cooling and hardening during 
quenching, or both. The former con- 
dition can be minimized by stress re- 
lieving at 1050 to 1100 F before ma- 
chining. The latter can be minimized 
by either marquenching or austemper- 
ing; both of these processes are being 
used for cylinder liners where out-of- 
roundness must be held to a minimum 
Through hardening is employed on 
gears, sprockets, hub bearings and 
clutches 

Localized Hardening. In parts where 
only local areas need to be hard, con- 
ventional induction hardening or flame 
hardening may be used. The details of 
these processes are discussed on pages 
107 to 131 of this Supplement 

For flame hardening, it is generally 
desirable to alloy the iron with small 
amounts of either chromium or molyb- 
denum to stabilize the iron carbide and 
thus prevent graphitization 

Water may be used as the quenching 
medium where the depth of hardening 
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Distance from 
Quenched End, 
1/16'ths in 


2 54 
6 50 
8 19 45 
10 5% 37 
12 31 
14 26 
22 14% 22 
24 22 
26 1% 21 
28 1% 20 
30 19 
32 2 17 
34 2's 18 
36 2'4 18 
38 23% 19 
40 22 
42 2% 20 


Table XXIX. Hardenability Data for Gray Irons Quenched from 1575 F 
(See Table XXX for compositions) 


—— Rockwell C Hardness 


Plain Iron Mo(A) Mo(B) Ni-Mo Cr-Mo Cr-Ni-Mo 


56 53 Bal 56 55 
56 52 54 55 55 
56 52 53 56 54 
51 53 55 
52 50 52 55 53 
51 49 52 54 53 
51 46 52 4 52 
49 45 52 «4 53 
46 45 52 53 52 
46 44 51 50 51 
45 43 47 5O 50 
43 44 47 49 50 
43 44 47 47 49 
40 41 45 47 48 
39 40 45 44 50 
39 40 45 41 47 
36 41 44 38 46 
40 40 45 36 45 
38 37 45 34 46 
38 36 42 35 46 
35 35 42 32 45 


G. A. Timmons, V. A. Crosby and A. J. Herzig, Trans AFS, 49, 297 (1941) 


Table XXX. Compositions of Irons for Which Hardenability Data Are Given in 


Table XXIX 
Iron Tc cc Gc Si P s Mn Mo Ni Cr 
0.69 2.50 1.70 0.216 0.097 0.76 0.013 0.03 
0.65 2.57 1.73 0.212 0.089 0.75 047 0.03 
oo Pa 3.20 0.58 2.62 1.76 0.187 0.054 0.64 0.48 trace 0.005 
Ni-Mo . er P| 0.53 269 2.02 0.114 0.067 0.66 0.52 1.21 0.02 
Cr-Mo Titre 0.60 2.61 2.24 0.114 0.071 0.67 0.52 0.06 0.50 
Cr-Ni-Mo «++ 6 0.61 2.75 1.96 0.158 0.070 0.74 047 0.52 0.35 


is shallow and where the part is being 
progressively heated and quenched 
When only small areas are being 
hardened, the parts may be dropped 
into an oil quench 

Localized hardening currently 
being employed for camshafts, gears, 
sprockets and cylinder liners. 


Physical Properties 


Patternmakers’ rules allow % in. per 
ft for linear contraction of gray iron, 
and 3/16 to \% in. per ft for white iron 
(% in, per ft is about 1%). Often this 
allowance is inaccurate in practice, and 
more exact evaluation must be made 
of the effects of mass, composition, 
shape, mold and core. Generally con- 
traction is less with increase in mass 
and, in gray irons, increases with in- 
crease in tensile strength 

Three contraction phenomena are ex- 
hibited during the cooling of a cast 
iron from the molten state to room 
temperature: (1) in the liquid, about 
2.8% from 2600 to the liquidus at about 
2200 F; (2) during solidification, and 
(3) subsequent to solidification, about 
3.0% from 2100 F to room temperature. 

Shrinkage in volume during solidifi- 
cation ranges from negative shrinkage 
in “soft” irons to +194% in an iron 
containing about 090% combined C 
The white irons have 4.0 to 55% con- 
traction in volume within the same 
range of temperature 

Coefficient of Expansion. The coeffi- 
cient of expansion of gray irons in the 
range from 0 to 500 C (32 to 932 F) 
is about 13 10° per "°C. The expan- 
sion is about 105 10° per "C in the 
range from 0 to 100 C (32 to 212 F). 
The expansion varies somewhat with 
the type of iron and is greater in the 
softer and higher-carbon irons. 

For the temperature range from 


1070 C (1958 F) to room temperature, 
the coefficient of expansion varies from 
9.2 to 16.9 x 10° per °C. At room tem- 
perature the commonly used figure of 
10x 10° per °C is accurate enough 
for ordinary changes in temperature 

Density. The density (grams per cubic 
centimeter) of gray irons at room tem- 
perature, varies from about 6.95 for 
open-grained high-carbon irons to 7.35 
for close-grained, low-carbon irons. The 
density of white iron is about 7.70. The 
density of liquid cast irons just above 
the final solidification temperature is 
about 6.23. For conversion to weight 
in pounds per cubic foot, the values 
for density should be multiplied by the 
factor 62.428. A gray iron with density 
of 7.20 weighs about 450 lb per cu ft 

Thermal Conductivity. The thermal! 
conductivity is approximately 0.11 cal 
per cm per °C per sec 

Electrical and Magnetic Properties. 
As compared with that of other ferrous 
metals, the resistivity of gray iron is 
relatively high, apparently because of 
the amount and distribution of the 
graphite content. Increases in total car- 
bon content and in silicon content in- 
crease resistivity 

Hatfield states as follows: “....the 
magnetic properties of cast iron may 
vary within very wide limits, ranging 
from those of materials having low 
permeability and high coercive force 
suitable for permanent magnets, and 
those having high permeability, low 
coercive force, and low hysteresis loss 
suitable for electrical machinery”. 

Highest magnetic induction and per- 
meability are found in annealed white 
irons, such as malleable cast iron. Flake 
graphite, as in gray iron, does not affect 
the hysteresis loss but prevents the at- 
tainment of high magnetic induction 
The flakes and attendant discontinuities 
cause small demagnetizing forces. 
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THE PERFORMANCE of stainless 
steels in the chemical process industries 
can be affected adversely by (1) general 
corrosion, (2) intergranular corrosion, 
(3) stress-corrosion cracking, and (4) 
pitting. Frequently, minor variations in 
environment will have a marked effect 
on the service life of stainless steel 
Design and fabrication practices may 
also greatly influence performance 

The applications discussed in this 
article and the data included on page 
41 are limited to chemical solutions 
that carbon steel and other metals 
cheaper than stainless steel do not resist 
satisfactorily. 


General Corrosion 


The stainless steels owe their unusual 
corrosion resistance to a_ condition 
known as “passivity”, believed by most 
investigators to result from the presence 
of thin films of oxide called “passive 
films”’. It is generally agreed that under 
favorable conditions ‘(usually oxidizing) 
such films are protective; unfavorable 
conditions destroy the films and leave 
the surface in the “active” state, with 
corrosion resistance only slightly su- 
perior to that of ordinary iron or steel 
Passivity exerts a greater influence on 
the resistance of stainless steels to cor- 
rosion than on resistance of most other 
commonly used metals and alloys. Pas- 
sivity is readily developed by treatment 
with any of a number of oxidizing solu- 
tions or merely by exposing a chemically 
cleaned surface to air 

Sometimes only slight changes in en- 
vironment will change the passive to the 
active state or vice versa; consequently, 
conditions of so-called “borderline pas- 
sivity” can cause unpredictable varia- 
tions in resistance to general corrosion. 
Dilute sulfuric acid solutions, especially 
when hot, are notorious in this respect. 
The presence of air or small amounts of 
an oxidizing agent, such as nitric acid, 
can maintain passivity under otherwise 
corrosive conditions. The hydrogen re- 
leased from the corrosion of another 
material in the system may be sufficient 
to destroy passivity under conditions 
that would be satisfactory otherwise 
Many other reducing agents have the 
same effect 

That oxidizing conditions favor pas- 
sivity is proved by the outstanding per- 
formance of types 304, 347 and 430 in 
services involving nitric acid. (Table I 
identifies the stainless steels mentioned 
in this artic'e.) However, conditions may 
be too strongly oxidizing. With concen- 
trations greater than about 95% at at- 
mospheric temperature, or even with 
relatively low concentrations at temper- 
atures above the atmospheric boiling 
point, nitric acid solutions become cor- 
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Halide acids and acid halide salts 
may destroy passivity. Resistance to 
such compounds should be questioned 
unless reports of previous experience or 
dependable test results on stainless 
steels are available. As a class, the stain- 
less steels are only moderately resistant 
to sulfuric acid solutions unless oxidiz- 
ing conditions exist. Types 316 and 317, 
which contain molybdenum, are more 
resistant; so are more highly alloyed 
steels containing both molybdenum and 


Supplements the section on Stain- 
less Steels, pages 549 to 562 of the 
1948 ASM Metals Handbook 


copper. The resistance to corrosion by 
phosphoric acid solutions is similar to 
resistance to sulfuric acid solutions, but 
the allowable ranges of concentration 
and temperature for acceptable per- 
formance are somewhat greater for 
phosphoric than for sulfuric acid 

Organic acids can generally be han- 
died safely with the austenitic types 
304, 316, 317 and 347. Under the most 
severe conditions, especially with hot 
concentrated vapors or condensates, the 
molybdenum-bearing grades show def- 
inite superiority. Resistance to alkaline 
conditions is also good, but satisfactory 
materials are usually available at a 
lower cost. The stainless steels, espe- 
cially the 300 series, are generally re- 
sistant to solutions of inorganic or or- 
ganic salts, with the exception of halide 
salts, as mentioned previously 

In applications involving borderline 
passivity, types 316 and 317 extend the 
range of permissible operation. Some- 
times processing conditions may be al- 
tered to restore or preserve passivity by 
aeration or the addition of an oxidizing 
agent or, in service with sulfuric acid 
solutions, by adding small amounts of 
copper sulfate continually. If corrosion 
develops where performance has been 
satisfactory, it is almost certain that 
some slight and correctable change in 
operating conditions has been respon- 
sible for the destruction of passivity 

In general, the ferritic grades of stain- 
leas steel show a narrower range of 
acceptability than the austenitic grades 


Intergranular Corrosion 


Improper heat treatment of stainless 
steels can cause early failure under 
severely corrosive conditions and a 
greatly reduced life in many relatively 
mild services. The unstabilized austen- 
itic steels that contain more than 0.03% 
C and no columbium or titanium, be- 
come susceptible to intergranular cor- 
rosion because complex chromium car- 
bides precipitate in grain boundaries 
when the steel is exposed to tempera- 
tures from about 800 to 1500 F. Normal 
welding procedures induce susceptibility 
to this condition. The fact that a stain- 
less steel is susceptible to intergranular 
corrosion does not necessarily mean 
that it will be so attacked; service may 
be satisfactory. However, many corro- 
sive mediums, including some consid- 
ered only mildly corrosive, will corrode 
susceptible steels intergranularly. The 
possibility of intergranular attack must 
be recognized unless ruled out by pre- 
vious experience 

Chromium carbide precipitation and 
ite effects can be eliminated by 

1 Heating the steel, after final fabrica- 
tion or processing, to a temperature 
high enough to dissolve the carbides 
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Corrosion 


Table I. Composition Limits of Stainless Steels Mentioned in This Article 


c 
Type (max) Cr Ni Mo Other 
Wrought Alloys 

Austentic Steels 

0.08 18.00 to 20.00 8.00 to 12.00 epee 

0.08 18.00 to 20.00 8.00 to 12.00 cate eevee 

0.20 22.00 to 24.00 12.00 to 15.00 

0.08 22.00 to 24.00 12.00 to 15.00 cove cose 

0.25 24.00 to 26.00 19.00 to 22.00 

0.08 16.00 to 18.00 10.00 to 14.00 2.00 to 3.00 

Sy  sadectee 0.03 16.00 to 16.00 10.00 to 14.00 2.00 to 3.00 . 

SY -eadatecviu 0.08 18.00 to 20.00 11.00 to 15.00 3.00 to 4.00 seve 

Dnt» begbilecrn 0.08 17.00 to 19.00 9.00 to 12.00 Ti5 x Cmin 

Ge uscrecaases 0.08 17.00 to 19.00 9.00 to 13.00 _ Cb-Ta 10 x C min 

20 (not std).. 0.07 20.00 29.00 2.00 3Cu 

329 (not std). 0.10 23.00 to 28.00 3.00 to 5.00 1.00 to 2.00 oars 

Ferritie Steels 

430 14.00 to 18.00 cose 

0.20 23.00 to 27.00 N 0.25 max 

443 (not std). ... 20.00 Sone ose 1Cu 

Cast Alloys’ 

0.30 18.00 to 22.00 200 max 

ol . 050 26.00 to 30.00 4.00 max 

. 0.08 18.00 to 21.00 8.00 to 11.00 

CF-68M_ ....... 0.08 18.00 to 21.00 9.00 to 12.00 2.00 to 3.00 sede 

CF-86C , . 008 18.00 to 21.00 9.00 to 12.00 seve Cb 8 x C min, or 
Cb-Ta 10 x C min 

0.20 23.00 to 27.00 19.00 to 22.00 sees 

0.07 18.00 to 22.00 21.00 to 31.00 Mo-Cu 

CH-20 0.20 22.00 to 26.00 12.00 to 15.00 cone 

Ga pate ces 0.10 22.00 to 26.00 12.00 to 15.00 


than the corresponding wrought grades. For similar grades, see box below. 


(usually 1900 to 2100 F) and cooling 
rapidly enough to avoid reprecipita- 
tion. Localized heat treatment of the 
area immediately adjacent to a weld 
is not satisfactory for the prevention 
of chromium carbide precipitation. 
For effective heat treatment, the entire 
unit must be heated and quenched. 
Using a stainless steel that has been 
stabilized with columbium or titanium, 
which combines with the carbon and 
thereby prevents harmful precipita- 
tion of chromium carbides, The stabi- 
lized steels are required for service 
that involves long exposure within 
the temperature-sensitive range (800 
to 1500 F) or a corrosive condition 
severe enough to attack susceptible 
steel intergranularly. 

Reducing the carbon content to such a 
low level that difficulty is avoided, The 
availability of extra-low-carbon steels 
(types 304L, and 316L,) during the past 
few years has made this third method 
of great practical importance 


Among the methods available for the 
detection of susceptibility to inter- 
granular corrosion are the boiling 65% 
nitric acid (Huey) test, the acidified 
copper sulfate (Strauss) test, the nitric- 
hydrofluoric acid test and, quite re- 
cently, the oxalic acid etch test. For the 
unstabilized grades, the test is made on 
specimens representing the condition in 
which the steel would be used. In tests 
performed on stabilized or extra-low- 
carbon grades to determine whether the 
steel as supplied is resistant to sensitiza- 
tion, the specimen is sensitized by heat 
treatment in the temperature-sensitive 
range (for example, 1 hr at 1250 F) to 
reveal its susceptibility 

The nitric acid test is not ordinarily 
used for routine evaluation of types 
316L and 321 because phenomena other 
than chromium carbide precipitation 
can cause these steels to corrode inter- 
granularly in nitric acid, Intermetallic 
eompounds of iron and chromium, 
known as sigma and chi phases, or per- 
haps transition phases intermediate in 
the formation of sigma and chi may be 
responsible for this effect 

The danger of chromium carbide pre- 
cipitation is now so widely recognized 
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and guarded against that few failures 
occur from this cause. 

In atmospheric exposure or mildly 
corrosive conditions where freedom from 
contamination is the primary objective, 
precautions against intergranular cor- 
rosion are not usually required. How- 
ever, for applications where this trouble 
might occur, it can be prevented by 
using either stabilized or extra-low- 
carbon grades, or by heat treatment 
after fabrication. 

“Knife-Line Attack” is a special form 
of intergranular corrosion sometimes 
encountered on type 321 and to a lesser 


Corresponding Grades 
of Stainless Steel 
Wrought Cast 
304 CF-8 
309 CH-20 
3098 CH-10 
310 CK-20 
316 CF-8M 
347 CF-8C 
20 CN-™ 
430 CB-30 
446 CC-50 


degree on type 347. It usually occurs 
when welded equipment is subjected 
for a considerable period of time to 
temperatures within the _ sensitizing 
range after fabrication as, for instance. 
in a stress relieving treatment. After 
such a treatment, the metal immedi- 
ately adjacent to the welds may be 
attacked by corrosive mediums. The ex- 
planation is that the affected area has 
been heated to a temperature high 
enough to decompose the titanium or 
columbium carbides. Consequently, a 
part of the carbon combines with chro- 
mium during subsequent exposure with- 
in the most favorable temperature 
range for chromium carbide precipita- 


tion. The metal is therefore made sus- 
ceptible to intergranular corrosion. 


Stress-Corrosion Cracking 


Almost any metal or alloy, including 
austenitic stainless steels, can be made 
to fail by stress-corrosion cracking 
under conditions involving applied or 
residual stresses and specific mild cor- 
rosives. Chloride solutions are the worst 
offenders in promoting cracking of 
austenitic stainless steels, and a number 
of failures involving chloride com- 
pounds have occurred in industry. 

A 10-in. overflow float of 304 steel 
cracked badly after 6 months of ex- 
posure to vapor in a deaerating water 
heater (Pig. 1). The water was treated 
city water and no evidence of chemical 
attack was present. It was presumed 
that cracking had resulted from ex- 
treme cold work in manufacture and 
from the changing temperature within 
the water heater 

Pigure 2 shows a perforated backing 
plate of a salt (NaCl) drum filter that 
failed from stress corrosion. The ma- 
jority of the cracks radiate from the 
cold perforated holes. Many slip lines 
were present in the vicinity of the 
holes, indicating extreme cold work 
without heat treatment. Cracking was 
chiefly transgranular 

Cracking has been observed in some 
instances even in hot water of relatively 
low chloride content, especially where 
cold worked parts were involved or 
where chloride was concentrated in 
crevices or pockets. A boiling 42% mag- 
nesium chloride solution is especially 
severe in this respect (Fig. 3) and has 
been used as a basis of comparison in 
laboratory work. 

As-drawn or severely cold worked 
stainless steels crack readily in systems 
containing aqueous hydrogen sulfide 
but annealed steels are not susceptible 
unless they are stressed well above the 
yield strength. Several mediums, includ- 
ing strong hot caustic solutions under 
pressure, have been reported to cause 
cracking, although in most of these fail- 
ures unreported chloride impurities may 
have been responsible. It is certain that 
chloride compounds have caused most 
of the stress-corrosion cracking in 
stainless steel 

The mechanism of stress-corrosion 
cracking has not yet been established. 


Table Il. Stresses in Austenitic 
Stainless Steel after Various Treatments 


Stress 
Relieving Residual 
Temperature, Time, Stress, 
deg Fahr hr 1000 psi 
After Welding 9'4-In. OD, 6'4-In. ID Pipe 
As Welded 30.0 to 25.7 
1100 16 20.0 
1100 48 22.0 
1100 72 23.0 
1200 TTT 4 21.5 to 240 


After Welding 5-In. OD, 4-In. ID Pipe 


As Welded eur 18.5 to 14.7 
1200 ibe 4 13.7 to 153 
1200 , 12 16.0 
1200 36 15.6 
1650 2 nil 
1850 1 nil 


W. L. Fleischmann, report entitled “Heat 
Treatments of Welded Structures for the 
Relief of Residual Stresses with Particular 
Reference to Type 37 Stainless Steel 
Weldments”, Knolls Atomic Power Labor- 
atory, Aug. 17, 1953. 
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Fig. 1. Cracking and Breakage in 

Overflow Float of Type 304 Exposed 

in Vapor Space above Water Level 
of Deaerating Water Heater 


This kind of cracking in the austenitic 
stainless steels is chiefly transgranular 
and sometimes may be accompanied by 
pitting attack. Heavily cold worked and 
as-drawn parts are most susceptible, 
but annealed steel can also crack under 
severe conditions. Cracking is much 
more likely to occur in hot than in cold 
solutions 


Stress Relieving of 304L 
and 316L 


To avoid stress-corrosion cracking, 
some equipment fabricated from 304L 
and 316L has been stress relieved at 
temperatures ordinarily used for car- 
bon steel (1000 to 1200 F). While this 
temperature range would be harmful 
to ordinary 18-8 because of carbide pre- 
cipitation, it has no harmful effect on 
the extra-low-carbon grades 

Samples of 304L and 316L heated to 
1200 F for 1 to 3 days and then tested 
in a modified Strauss test as prescribed 
by ASTM have shown no intergranular 
effects after three 72-hr immersions 
Exposure of the low-carbon grades to 
temperatures in the carbide precipita- 
tion range may create harmful effects 
in certain corrosive media. For example, 
316L may fail in the Huey test (boiling 
65% nitric acid) after heating for only 
1 hr at 1200 F. This may be caused by 
the formation of sigma at grain boun- 
daries. The mechanism of sigma forma- 
tion is similar to carbide precipitation in 
that there is a depletion of chromium 
in the adjacent areas. Depletion by sig- 
ma formation may be less severe than 
in carbide precipitation; this may ac- 
count for the attack in boiling nitric 
acid but not in acidified copper sulfate 

While low-temperature stress relief 
may be adequate for certain corrosives, 
which should be evaluated, stresses are 
not completely removed. For complete 
relief of residual stress, a temperature 
of 1650 F is required. Table IT shows the 
residual! stresses after various stress re- 
lieving treatments of solid austenitic 
stainless steels. Integrally bonded or 
attached stainless linings on carbon 
steel cannot be stress relieved effective- 
ly by heating because of the large dif- 
ference in the coefficients of expansion. 

If the stress level at which stress 
corrosion may occur is known to be 
below that expected after stress reliev- 
ing at a low-temperature, such a stress 
relief should be practical. If the stress 
levels are not known, the high-tempera- 
ture stress relief should be considered. 
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Weld deposits exposed to this temper- 
ature range sometimes are affected ad- 
versely by corrosion, and the use of 
columbium-stabilized electrodes may be 
advantageous. Extra-low-carbon weld 
metal is not guaranteed below 0.04% C 


Pitting or Localized Corrosion 


Since the stainless steels are passive 
under almost all conditions in which 
they are normally used, any localized 
corrosion, under circumstances that 
prevent restoration of passivity, may 
cause rapid penetration at the point of 


initiation. This is because an active- 
passive electrolytic cell is formed be- 
tween the large cathodic (passive) area 
and the small anodic area under at- 
tack; the surrounding Oxygen serves as 
a depolarizer, and pitting proceeds 

Solutions containing chlorides are es- 
pecially detrimental because they pro- 
mote the formation of such cells, and 
severe pitting may result. Acid chlorides 
in their higher valence state, such as 
cupric chloride ‘CuCl, and ferric 
chloride (FeCl), are particularly severe 
in this respect, but any chioride in ap- 
preciable concentration is a source of 
possible trouble. Solutions of other hal- 
ide salts and of some sulfates may cause 
pitting. Localized attack is also induced 
by stagnant conditions that occur in 
cracks or crevices or at joints made 
with gaskets. Depending on the type 
of gasket, galvanic couples may be 
formed at such joints 

The molybdenum in types 316 and 317 
increases resistance to pitting, although 
this is a matter of degree, and localized 
attack will still occur under severe con- 
ditions. Elimination of cracks, crevices 
and stagnant pockets, as far as possible, 
and the use of clean surfaces will 
minimize possibilities for trouble 


Design and Fabrication 


Failures can often be eliminated by 
suitable changes in design without 
changing the type of steel. Factors to 
be considered include joint design, sur- 
face continuity, and concentration of 
stress. Welds should be well spaced, 
and the ASME code should be followed 
for location and manner of making 
the attachments. Welds should also be 
located to permit economical cutting of 
plates and good fit-up at joints. Butt 
welds are preferable to lap welds. If 
lap welds are necessary, they should be 
completely sealed against penetration by 
corrosive solutions; otherwise crevices 
or cell-corrosion failures may result. 
The use of attachments, such as dou- 
bling or reinforcing plates encircled by 
fillet welds, should be minimized because 
these produce residual bi-axial stresses 
that are generally more difficult to re- 
lieve by heat treatment. In order to 
avoid the diffusion of carbon into stain- 
less steel tanks from the mild steel 
supporting legs, the legs should be 
welded to a stainless steel saddle that is 
welded to the bottom of the tank 

Wherever possible, welding should be 
done in the downhand position to pro- 
duce sound welds. With manual weld- 
ing methods, stringer beads are prefer- 
able because heat effect is decreased 


Fig. 2. Stress-Corrosion Failure Type Backing Plate of a Salt (NaCl) 
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and residual stress is minimized. Water 
cooling of welds less than 3/16 in. thick 
may lessen heat effect and distortion. 
Although such control of heat-affected 
zones is unnecessary with the stabilized 
(321, 347) or extra-low-carbon steels 
(304L, 316L), freedom from residual 
fabricating stresses is important, par- 
ticularly where susceptibility to stress- 
corrosion cracking exists. Poor fit-up 
causes stresses from the forcing of parts 
into position or from poor welds at gaps 
and unevenness in the joints. Weld de- 
position sequences should be used that 
will minimize residual stresses 

Equipment should be thoroughly 
cleaned to remove all contamination 
such as oxides and iron dust, weld spat- 
ter, welding flux, dirt and organic mat- 
ter. These may be removed by blast 
cleaning or pickling. There should be a 
final cleaning with a solution of 10% 
nitric -1% hydrofluoric acid 

The elimination of notches, threads, 
grinding or abrasive scratches, corners, 
grooves or similar stress raisers is essen- 
tial. Generous fillets at corners, smooth 
contour welds without undercutting, 
ground and polished welds, rounded 
corners, ground and polished edges and 
flat surfaces will eliminate causes of 
stress concentration 

Cold forming operations, such as roll- 
ing tubes into tube sheets, should be 
held to a minimum. Severe forming 
operations, such as rolling dished heads 
for tanks, should be done by hot work- 
ing above 1600 F. Castings, bolts, tank 
ends and other hot formed components 
should be annealed at 2000 F and 
quenched in water or air blast 

If heat treatment is required, con- 
sideration should be given to the struc- 
tural stability of the equipment at the 
high temperature that will be encoun- 
tered. Surfaces must be clean and free 
from carbonaceous materials such as 
oll, grease and paint, which may in- 
crease the carbon content of the steel 
by absorption at the temperatures of 
heat treating. Availability of heat 
treating facilities in the locality where 
the equipment is to be fabricated will 
influence cost. Sometimes the higher- 
priced stabilized or extra-low-carbon 
grades may reduce the cost of equip- 
ment by eliminating heat treatment. 


Corrosion Testing 


Since reproduction of actual service 
conditions is difficult in laboratory tests, 
results of such tests often can serve only 
as a guide. Chemical conditions, tem- 
perature, velocity and aeration should 
parallel those in the proposed process; 
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Fig. 4. Base Cost of 11-Gage 

Stainless Steel Tubing of Various 

Types Compared with Carbon 
Steel (James P. Kelleher) 


therefore field tests in existing equip- 
ment in a comparable process should be 
used wherever possible in order to du- 
plicate the conditions. If the installa- 
tion will be expensive to fabricate and 
install, the tests should be made in a 
pilot plant to provide more realistic 
results. 

Because steel may sometimes be af- 
fected so adversely during fabrication 
that it will fail prematurely in service, 
specimens should be included in the 
corrosion tests to evaluate proposed 
fabrication methods. It is advisable to 
include welded specimens typical of the 
job, and also sensitized specimens in 
order to evaluate weld deposit, heat ef- 
fect in the weld zone, and possible 
stress-corrosion cracking from residual 
stresses Stress-corrosion specimens 
loaded to various levels of stress should 
be tested to evaluate susceptibility of 
the steel to cracking and to indicate 
whether the fabricated equipment 
should be stress relieved. Specimens 
heat treated to represent job conditions 
should be tested. It is also important 
that surface finish be typical of the job 
and the same on all specimens. Frayed 
surfaces or cold worked edges produced 
in the preparation of test specimens 
should be removed before testing 

Careful evaluation of test results is 
of utmost importance. Microscopic ex- 
amination of the surface of the speci- 
men for attack at grain boundaries is 
helpful when corrosion rates are low or 
available testing time is short. Grain- 
boundary attack generally indicates 
poor serviceability 

The subject of corrosion testing and 
evaluation of test data are described in 
“Corrosion Testing Procedures”, by F. 
A. Champion (John Wiley and Sons, 
1952) and “Corrosion Handbook” 
(Wiley, 1948). 


Fig. 3. Stress-Corrosion Cracking in Ty 
42% Magnes 
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Fig. 5. Cost of Packed-Gland 

Heat Exchangers with Floating 
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(Tube Length, 12 Ft) (A. M. 
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Cost 


Cost, the basis of engineering prac- 
tice, enters all problems of steel selec- 
tion at some point in the analysis, 
usually at the beginning. The general 
trend of cost relations between carbon 
steel and stainless steel is illustrated by 
Fig. 4 and 5. These show cost trends 
for tubing, a major item of expense in 
nearly all chemical! plants, and for fully 
fabricated heat exchangers, another 
common item. Other forms of stainless 
steel and the various types of chemical 
equipment made from it show different 
magnitudes, but the qualitative com- 
parisons with carbon steel are similar. 


Corrosion Data 


Corrosion data for carbon and stain- 
less steel in contact with each of 40 
chemicals are summarized on the next 
page. Data are omitted for solutions 
in which carbon steel is satisfactory. 


| mpy (mil per yr) = O.00I in. per yr 
@ Corrosion Rate Less Thon 2mpy 
© Corrosion Rate Less Than 20 mpy 
© Corrosion Rate From 20 to 50mpy 
x Corrosion Rate Greater Than 50mpy 


Fohr 


deg 
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Enlarged Portion of the Unit Graph 
on Which Corrosion Data Are Presented 
on the Next Page. The best rating, a 
solid circle, corresponds to zero or neg- 
ligible dimensional change during the 
life of a process. Open circles indicate 
applications feasible with minor main- 
tenance. Open squares represent appli- 
cability for special cases only, not for 
general plant construction. A cross 
means the corrosion rate is too high 
jor the combination to be considered 
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Corrosion Data for Stainless Steel Compared with Carbon Steel 


Por explanation of symbols and plotting, see unit graph at bottom of column 3 on the preceding page 
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, 1954 edition by G. A. Nelson, published by Shell Development Co. Revised 
by the author to include data available through July 1955. Solutions in which carbon steel serves satisfactorily 
have been omitted, since such data represent no problem involving selection of stainless steel. 
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Acetic Acid 


Recently, increasing amounts of 
stainless steel have been used instead 
of copper and copper alloys in process 
equipment for acetic acid. Copper 
alloys have good resistance at all tem- 
peratures to the boiling point, provided 
that air or other oxidizing agents are 
not present. With process equipment, 
however, it is difficult to obtain air- 
free operation at all times; therefore 
stainless steel, which resists corrosive 
attack by acetic acid under oxidizing 
conditions, is being used increasingly 

The straight-chromium stainless 
steels do not resist corrosion sufficient- 
ly in acetic acid solutions and are 
susceptible to pitting. The austenitic 
stainless steels are fully resistant to 
attack by all concentrations of acetic 
acid at ambient temperatures. As the 
temperature of the acid increases, the 
difference in resistance among the 
stainless types becomes apparent. Type 
304 and 347 act similarly in acetic acid. 
Both show rates of 1.5 mpy or less in 
all concentrations of refined acid up 
to 99% at temperatures below 120 F 
Both can be used in refined acid con- 
centrations to about 50° at tempera- 
tures to the boiling point of the solu- 
tion. Tests should be made to deter- 
mine their suitability at concentrations 
above 60% and temperatures above 
120 F (Table III.) 

Types 309 and 310 may be used 
safely in acid concentrations to about 
50% at temperatures to the boiling 
point of the solution or in all concen- 
trations of refined acid up to 99% at 
temperatures below 170 F. Tests should 
be made to determine their suitability 
in acid concentrations above 50% and 
temperatures greater than 170 F. 

The corrosion resistance of types 316 
(Table ITI) and 317, as well as CN-7M, 
is increased by the molybdenum in 
these alloys. They may be used in all 
concentrations of acid to 99% and at 
temperatures to the boiling point. The 
effect of ionized halogens on the rate 
of corrosion is shown in Tables IV and 
V. These data apply to pure, refined 
acid; as noted in the preceding para- 
graph, contaminants—even in small 
amounts — limit the use of 18-8 types 
to temperatures below 120 F. Type 317 
is more resistant than 316 to corrosive 
attack in hot acetic acid and is used 
considerably in distillation equipment, 
in spite of being somewhat difficult to 
fabricate. The casting alloys of the 
CN-7M type are used in pump and 
valve applications in equipment for 
handling hot acetic acid 

As the concentration approaches that 
of glacial acetic acid at boiling tem- 
peratures and superheated vapor tem- 
peratures, none of the stainless steels 
are sufficiently resistant. For these con- 
centrations and conditions, nickel-base 
alloys must be used 

Use of Equipment. Types 304 and 347 
are used for a wide variety of acetic 
acid equipment, including stills, base 
heaters, holding tanks, heat exchang- 
ers, pipelines, valves and pumps, under 
eonditions ranging from dilute solu- 
tions (below 50°) at room temperature 
to concentrated solutions (up to 99°) 
at 275 F. Type 316, heat treated after 
fabrication, is suitable for fractionating 
equipment for acetic acid of 30 to 99% 
concentration; type 304 is not suitable 
Ionized halogens must be eliminated 
from the solutions. Type 316 is used for 
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storage vessels, pumps, and process 
piping to handle glacial acetic acid; 
type 304 is not satisfactory because it 
discolors the acid. Considerable diffi- 
culty has been encountered with cast- 
ings such as pump volutes and impel- 
lers because of contamination by iron 
from the sand or from abrasive clean- 
ing. Castings should be pickled in 
nitric-hydrofiuoric acid solution 

For temperatures above 120 F and 
applications involving acetic acid that 
is mixed or contaminated with other 
substances, types 316 and 317 are gen- 
erally satisfactory in equipment such 
as stills, heat exchangers and holding 
tanks. The superiority of the molyb- 
denum-bearing types is illustrated by 
the results of plant tests in boiling 99°: 
acetic acid. The corrosion rates for 
304, 321 and 347 varied from 20 to 60 
mpy compared with 15 mpy for 316. 
Results of other tests in 99° acid 
vapors at 230 F gave 63 mpy for 304 
and 2.0 mpy for 317. Type 317 has some- 
what greater resistance than 316 to 
severely corrosive conditions 

Alloy castings of type CN-7M are 
used extensively as pumps, valves and 
related equipment for all concentra- 
tions of acetic acid at temperatures to 
the boiling point. These alloys have 
good resistance to mixtures of acetic 
acid and small amounts of sulfuric or 
formic acids 

The presence of reducing agents, 
either as impurities or as necessary 
constituents in the process, destroys 
the passivity of stainless steels. Mix- 
tures of acetic acid with other acids - 
especially sulfuric, hydrochloric and 


Table III. Corrosion in Acetic Acid 


Acetic Temp Corrosion, mpy 
Acid, % deg Fahr 304 316 347 
10 Boiling 415 
25 219 5.0 5.0 (50 
50 Boiling 05 01 

70 Boiling 33.0 

75 86 0.1 

75 203 15.8 41 ‘ 
99.5 284 02 11.3 
99.5 ... Boiling 270 os 69 


formic — may produce conditions more 
corrosive than acetic acid itself, partic- 
ularly at high temperatures. The data 
in Table VI emphasize that slight 
changes in solution concentrations can 
have a significant effect on corrosion 
rates and that suitable corrosion tests 
must be made whenever any change in 
operating conditions is contemplated 

Stainless steels are not always satis- 
factory for contact with hot solutions 
of acetic acid of concentrations greater 
than about 25% and containing 2% 
or more reducing agent (such as formic 
acid). If oxidizing agents such as so- 
dium dichromate may be added to the 
acetic acid, the use of the stainless 
steels may be extended. 

In a still handling boiling 995% 
acetic acid liquors and vapors, the 
service life of the heating coils of 316 
varied from 10 months to 5 yr. Cor- 
rosion tests have also shown that in 
boiling 75° acetic acid vapors, both 
304 and 316 were susceptible to severe 
pitting corrosion. In some boiling 
liquors where excessively severe cor- 
rosive conditions exist (for example, 
where acetic acid is contaminated with 
various chlorides) nickel-base alloys 
such as Hastelloy C have proved more 
resistant than stainless steels, and 
their use is justified economically by 
the longer life of equipment 

The CF-8M cast alloy is generally 
used with the 18-8 types of wrought 
steels because its resistance to pitting 
attack is greater than that of CF-8. To 
obtain service comparable with that of 
the 18-8 molybdenum types of wrought 
alloys, the chromium content of cast 


Table IV. Effect of Ionized Halogens 
in Acetic Acid on Corrosion of Type 316 
Stainless Steel 


Ionized Corrosion, 
Halogens, ppm mpy 
7 
22.8 30 
25.0 37 
200 123 


At 90% acid concentration and 230 F 


Table V. Corrosion in Impure Acetic Acid” 


Acetic Temperature, 
Acid, % deg Fahr 

10 ‘ 223 

24 230 

83 241 

87 252 

98 262 

99.5 266 


Corrosion, mpy 


304 316 316'") 317 20 

2.0 4.0 03 40 
eee 2.7 2.7 40 
66 9.0 22 40 5.0 
42 16.0 10 8.0 
70 20 40 10 20 

03 04 05 


(a) Data were obtained during processing of acetic acid containing ionized halogens; 
duration of test, 51 days. Concentration of halide ions varied during period of obser- 
vation. Concentration estimated as 5 to 10 ppm. (b) Sensitized at 1200 F; all samples were 


attacked intergranularly 


Table VI. Corrosion in Formic-Acetic Acid Mixtures 


Temperature, Acid Content, % Corrosion, 
Steel deg Fahr Acetic Formic mpy 
304, 347 223 30 to 50 2 to 10 (a) 
316 223 30 to 5O 2 to 10 3 to 20 
317 rr 223 30 to 50 2 to 10 2 to ll 
316 200-230 Glacial 0 15 
316 200-230 Glacial 4 33 
316 220 25 1.25 15 
317 220 25 1.25 <10 
316 220 25 4 3.0 
317 220 25 4 20 
321, 347 220 25 4 (a) 


(a) Completely corroded 


3 
‘ 
6. 
4 
1 
# 
4 . 
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alloys should be on the high side of the 
composition range. Castings should be 
fully annealed for best service. 


Ammonium Sulfate Plus 
Free Sulfuric Acid 


Types 316 and CN-7M are used in 
this service. Before these steels were 
available, construction was almost en- 
tirely of lead, which was subject to 
fatigue cracking, and occasionally of 
silicon iron, which is brittle, thus re- 
quiring continuous maintenance. 18% 
Cr and 18% Cr-8% Ni steels became 
pitted and corroded severely 

Type 316 is useful when properly 
heat treated after welding; otherwise 
heavy intergranular corrosion occurs 
adjacent to the welds. When extra- 
low-carbon stainless steel is used (type 
316L) heat treatment is unnecessary 
and large tanks can be fabricated. 
Such tanks have been in service for 
several years with no evidence of either 
general corrosion or intergranular at- 
tack. CF-8M and CN-7M castings heat 
treated after casting are also useful, 


although if the casting skin is dam- 
aged, corrosion may occur. Castings 
repaired by welding must be heat 


treated again after welding; otherwise 
they will corrode intergranularly ad- 
jacent to the welds. Pretreatment of the 
steel by passivation is not required. 


Bromoform 


Type 304 generally is satisfactory 
for handling bromoform, either wet or 
dry, at ambient temperatures; how- 
ever, wet bromoform will discolor 
slightly. If a water-white product is 
required, stainless steel is not suitable. 


Chlorinated Solvents 


The halogen derivatives of methane, 
ethane, ethylene, propane and benzene 
are widely used in dry cleaning, metal 
cleaning, vapor degreasing and solvent 
extraction processes, and as chemical 
intermediates. The compounds of pri- 
mary interest are methylene chloride, 
chloroform, carbon tetrachloride, eth- 
ylene dichloride, trichloroethylene, per- 


chloroethylene methyl chloroform, 
propylene dichloride, dichloroethy] 
ether, monochlorobenzene and ortho- 


dichlorobenzene. They are used indi- 
vidually as chemically pure or com- 
mercial grades, as mixtures, or with 
other compounds to control boiling 


point, freezing point, solvency, 
flammability of mixtures 
Stainless steels are not corroded by 
chlorinated solvents when water is 
absent; but when a water phase is 
present, the compounds hydrolyze to 
form hydrochloric acid and sometimes 
organic acids. Although the presence 
of metallic materials usually increases 
the rate of decomposition, stainless 
steels do not, and their use in equip- 
ment for handling chlorinated solvents 


and 


Table VII. Corrosion of Type 304 After 
12 Days in Wet Chlorinated Solvents 
at Refluxing Temperatures 


Corrosion, 
Solvent mpy 
Methylene chioride....... 01 
Carbon tetrachioride...... 5.0 
Methy! chloroform 10.0 
Trichloroethylene co, 
Ethylene dichloride 03 
Perchloroethylene 01 
Propylene dichloride 17.0 


One third of specimen was in solvent 
layer, one third in water layer, and one 
third in vapor phase. 


is generally satisfactory. The corrosion 
rate of type 304 after 12 days in wet 
chlorinated solvents at refluxing tem- 
peratures is shown in Table VII. These 
data are from laboratory tests with 
mixtures of solvent and water, in which 
one third of the specimen was in the 
solvent layer, one third in the water 
layer and one third in the vapor phase 
Consideration should be given to the 
use of types 316, 317 or No. 20 for appli- 
cations where pitting is encountered 
Intergranular attack occurs sometimes 
at welded joints. Tests should be made 
to determine whether intergranular 
attack is a problem under the condi- 
tions involved. Stress-corrosion crack- 
ing may also be encountered in equip- 
ment handling chlorinated solvents 


Chlorosulfonie Acid 


Although carbon steels are satisfac- 
tory for chlorosulfonic acid below the 
liquid level, type 317 or higher alloys 
are recommended for withstanding the 
vapors above and at the liquid level 
The products of sulfation, which may 
retain chlorides, cause stress corrosion 
and sometimes severe pitting. Pipe 
welds and vessels of the austenitic 
steels should be fully annealed when- 
ever this is feasible 


Loss of Type 347 —— 


Fig. 6. Weld Metal and Pipe of Type 316 and Flange of Type 347 Corroded by 


Fatty Acid at 400 F 


Epichlorohydrin 


Failure in processing equipment by 
stress-corrosion cracking was confirmed 
by laboratory tests with horseshoe spec- 
imens at 140 F. Types 304, 316 and 347 
cracked in a 7-day test 


Fatty Acids 


The fatty acids of lower molecular 
weight, such as acetic and formic, re- 
quire the use of 18-8 stainless steels (see 
section on Acetic Acid.) The following 
discussion is concerned with the acids 
of higher molecular weight, such as 
lauric, myristic, palmitic, and stearic, 
which are less corrosive. At tempera- 
tures to 150 F, cheaper metals such as 
carbon steel and aluminum are moder- 
ately corroded, but if color and absence 
of contamination of the product are im- 
portant, the 18-8 steels should be used. 

If the temperature is below 350 PF, all 
standard 18-8 types are satisfactory; 
above 350 F, type 316 is needed to avoid 
pitting corrosion 

Corrosion in fatty acid vapors is no 
greater than in liquid, except at high 


Table VIII. Corrosion in Fatty Acids 
Acidulated with Sulfuric Acid 


(Steam Agitation) 


Sulfuric Temp Corrosion, mpy 
Acid F 304 316 
0.01 TTT 205 154 60 
01 225 7.55 38 
50 200 480 192 
10 215 775 


vapor velocities. Under these condi- 
tions corrosion-erosion rates have been 
lower in type 316 than in types 304, 321 
and 347 

Pitting and loss of surface inetal are 
caused by high-temperature plant 
processes (Fig. 6). There are no reports 
of straight fatty acids having caused 
intergranular failures in 18-8 stainless 
steels 

Cast alloys, including type CN-7M, 
have been satisfactory. The molybde- 
num-bearing wrought steels and the 
newer precipitation-hardening stain- 
less steels have been used for pump and 
valve parts where galling is a factor or 
where hardness of parts is desirable. 
High-nickel cast iron has given satis- 
factory service in fatty acid at 600 F 

Fatty acids mixed with chlorides 
cause failures by stress-corrosion crack- 
ing (Pig. 7). Acidulation of fatty acids 
by sulfuric acid produces a wide varia- 
tion in corrosion rates of stainless 
steels. Factors that contribute to such 
variation include unknown dilution of 
the concentrated sulfuric acid, the 
moisture inherent in the fatty acids, 
temperature and methods of agitation 
Corrosion rates encountered with acid- 
ulated fatty acids of higher molecular 
weight with steam agitation are re- 
ported in Table VIIT 


Hydrochloric Acid (Dilute) 


Although types 316, 317, 329 and No 
20, and the cast alloys CN-7M and CF- 
8M find some use in very dilute aerated 
hydrochloric acid environments, stain- 
less steels are not usually recommended 
for this service 

Solutions containing chloride salts at 
pH below 70 are essentially hydro- 
chioric acid environments Pitting 
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and stress-corrosion cracking are en- 
countered at acid concentrations less 
than 1%, depending on the tempera- 
ture, aeration and agitation 

Bimetallic couples between stainless 
and other alloys should be avoided, 
since corrosicn may be accelerated at 
their junction. In such couples the 
stainless steel may become the anode 
in dilute hydrochloric acid, resulting in 
loss of passivity and rapid corrosion. 

Corrosion Failures. Hydrochloric acid 
at pH 2.0 to 4.0 and 120 to 180 F has 
caused pitting and subsequent failure of 
heat-exchanger tubing and heating 
coils, Calcareous scale has induced pit- 


oxide as a polymerization inhibitor, at 
all concentrations and temperatures to 
the boiling point. Types 316 and 317, 
as well as CN-7M and CF-8M, have 
greater corrosion resistance than the 
stainless steels without molybdenum. 
The unstabilized stainless steels should 
be fully annealed to prevent intergran- 
ular attack in these solutions. 


Lactie Acid 


Types 304, 316, 317, No. 20, CN-7M 
and CF-8M have limited use in lactic 
acid solutions. The molybdenum-con- 


| 


Fig. 7. Stress-Corrosion Cracking Caused in Type 304 by Citric Acid and 
Salt at 212 F 


ting failures. Activated carbon that set- 
tled out has caused pitting of heating 
coils and tank bottoms (type 316) 

Stress-corrosion cracking of heat- 
exchanger tubes has occurred at pH 
4.0 and 160 F. Excessive stresses were 
induced in the tubes when a floating 
head on the heat exchanger became 
“fixed”. Bending of tubes between 
baffle supports has induced stress-cor- 
rosion cracking of tubes of 316 stain- 
less steel. Excessive rolling of tubes 
into the tube sheets has induced stress- 
corrosion cracking of the tubes just 
adjacent to the sheets. 

Weld deposits of type 316 on sheet 
of similar grade have corroded, weak- 
ening the joint. Weld deposits using an 
electrode of type 317 or 310-Mo have 
improved the corrosion resistance of 
these welds. Weld-zone attack has been 
observed in type 316 linings for steel 
tanks handling acidified starch slurry 
at pH 2.0 and 120 F. 

Covers and vents from acidified 
starch slurry tanks usually corrode 
rapidly. Condensed vapors of dilute 
hydrochloric acid environments are 
usually more corrosive than the liquid 
phase. Stainless steels are usually un- 
satisfactory for tank covers or vent 
piping for such tanks. 


Hydrocyanic Acid 


Pure hydrocyanic acid is not corro- 
sive to most materials of construction, 
but when stabilized against polymer- 
ization at elevated temperature by the 
addition of acidic materials, it becomes 
corrosive to steel, copper and alumi- 
num. The straight-chromium stainless 
steels are not recommended for use with 
stabilized hydrocyanic acid solutions 

The austenitic stainless steels resist 
corrosion by hydrocyanic acid that 
contains small amounts of sulfur di- 
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taining varieties generally have greater 
corrosion resistance than type 304. 

Purity, concentration, temperature, 
aeration and agitation are environ- 
mental factors that determine the type 
of stainless steel for use in process 
equipment. The presence of chlorides 
or sulfates in lactic acid solutions in- 
creases the severity of corrosion. Im- 
pure solutions from which lactic acid 
is ultimately separated and concen- 
trated are usually more corrosive than 
the purified solutions. Stainless steels 
are not suitable for use with lactic acid 
above 200 F. 

Heating coils or heat exchangers for 
lactic acid should be designed for use 
with hot water or low-pressure steam. 
Decomposition of lactic acid with 
formation of carbonaceous deposits on 
heating coils can result in pitting and 
perforation under these deposits. 

Temperatures above 200 F, con- 
centrations of lactic acid ranging from 
30 to 70%, and the presence of chlo- 
rides or inorganic impurities usually 
increase severity of corrosion. Use for 
type 304 should be limited to vessels 
for storing pure solutions at tempera- 
tures below 100 F. Distillation of lactic 
acid causes corrosion by the vapor 
phase, and if lactic acid esters and 
volatile acid impurities are present, 
pitting attack will result 

Corrosion Failures. Pitting failures in 
heat exchangers for Jactic acid solu- 
tions have been reported. One failure of 
this type was limited to surfaces cov- 
ered by the liquid, particularly in the 
parts of the tubing where solids have 
settled out 

Weld-zone attack and corrosion fail- 
ures have been reported for type 304, 
but rarely for type 316. The weld-zone 
failures were in stainless steels that 
were not of the extra-low carbon variety 
and had not been annealed. 


Monoethanolamine 


Stainless steels have excellent resist- 
ance to corrosion by monoethanolamine 
and by monoethanolamine saturated 
with carbon dioxide plus oxygen at 
temperatures to 200 F. Stainless steel is 
used in preference to carbon steel in 
process steps where carbon dioxide is 
stripped from monoethanolamine — for 
example, in reboilers, exchangers and 
parts of fractionating columns. For 
heat exchangers, a common practice 
is to specify stainless steel only for 
tube bundles having 150-psi steam in- 
side and monoethanolamine that is 
rich in carbon dioxide outside. Type 304 
is adequate. 

Experience has been variable with 
stainless steel in monoethanolamine 
solutions as used in processes for re- 
moving hydrogen sulfide or carbon di- 
oxide from natural and refinery gases. 
Probably about one fourth of the amine 
gas treating plants make some use of 
stainless steel piping and _ vessels. 
Remedial process changes can often 
be devised to avoid the use of stainless. 


Nitrie Acid 


Stainless steels, first used commer- 
cially on a large scale in service in- 
volving nitric acid, continue to be used 
in such installations. These first appli- 
cations were of 15 to 18% Cr steel (now 
type 430) and soon thereafter of 18% 
Cr-8% Ni steel (now type 304). The 
necessity for proper heat treatment to 
prevent accelerated corrosion and in- 
tergranular attack in nitric acid was 
demonstrated at once through service 
failures of improperly heat treated 
and as-welded equipment. These dif- 
ficulties were eliminated by postfabri- 
cation heat treatments involving slow 
cooling from about 1450 F for type 430, 
and rapid cooling from about 2000 F 
for type 304. Subsequently, for the 
austenitic grades, the use of stabilizing 
elements (particularly columbium in 
type 347) and more recently reduction 
of carbon content to 0.03% max (type 
304L) have been effective in controlling 
this problem without the necessity for 
quenching fabricated equipment from a 
high-temperature heat treatment. In 
the as-welded condition, 304L and 347 
show satisfactory resistance to corro- 
sion by nitric acid and are therefore 
suitable for field-erected equipment. 

Where corrosion rates on equipment 
must be held to less than 5 mpy, types 
304L and 347 can be used with nitric 
acid in concentrations up to about 40%, 
at the atmospheric boiling point; 40 to 
70%, to about 175 F; and 70 to 90%, to 
about 120 F. For a corrosion rate of 50 
mpy max, the corresponding limits are 
approximately 40 to 70% concentration 
of nitric acid at the boiling point; 70 to 
90 at 160 F, and 90% at 85 F. If the 
acid is recirculated so that corrosion 
products accumulate, attack in hot so- 
lutions at the higher concentrations is 
accelerated when the chromium in the 
acid exceeds a certain level. With boil- 
ing 65° nitric acid, the limiting chro- 

jum content of the solution is about 
005% , above which corrosion increases 
rapidly with further increases of chro- 
mium in the nitric acid solution. Under 
these conditions, corrosion is intergran- 
ular, even with the stabilized or extra- 
low-carbon grades. 

Corrosion by’ nitric acid in storage 
is slight for concentrations to about 
94%, but the acid condensate is of 
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higher concentration, and attack be- 
comes appreciable on the part of the 
tank exposed to the condensate (Table 
III). ‘(Aluminum is commonly used for 
storing 95 and 98% nitric acid, but its 
resistance decreases rapidly with de- 
creasing concentration; consequently, 
exposure to the dilute acid must be 
avoided.) Corrosion data for specimens 
of 347 and 430 steels for various con- 
centrations of nitric acid at 72 F are 
compared in Table IX. In hot concen- 
trated solutions where attack is too 
severe to be tolerated, high-silicon iron 
“an be used if its mechanical properties 
ure suitable 

In reactions under pressure and at 
temperatures considerably above the 
atmospheric boiling point, corrosion 
rates of all the stainless steels increase 
rapidly with both temperature and con- 
centration; under these conditions, only 
very dilute nitric acid solutions can be 
handled suitably in equipment made of 
stainless steel 

Type 304 in the annealed and water- 
quenched condition has essentially the 
same resistance to corrosion by nitric 
acid as types 304L and 347, but type 
304 should be heat treated after fabri- 
cation to prevent intergranular corro- 
sion. Types 316 and 316L in the an- 
nealed condition are about the same in 
resistance to nitric acid, but unless 
these types are required for reasons 
other than resistance to corrosion, their 
use is usually not justified because of 
higher cost 

The type 309-Cb is somewhat more 
resistant under the most severe condi- 
tions and is occasionally used where 
the lower-alloy stainless steels are not 
quite satisfactory. If properly annealed 
and water quenched, types 309 and 310 
have about the same resistance as type 
309-Cb. However, unless their carbon 
content is less than about 0.10%, these 
alloys cannot be cooled fast enough in 
commercial heat treatments to avoid 
susceptibility to intergranular corro- 
sion. Since types 309 and 310 are em- 
ployed principally for resistance to 
scaling at elevated temperature and are 
usually of higher carbon content, they 
are seldom used in equipment for serv- 
ice with nitric acid 

Typical corrosion rates of annealed 
austenitic stainless steels in boiling 
65% nitric acid are given in Table X. 

Type 430 is still widely used for vari- 
ous kinds of equipment in the ammonia 
oxidation process for nitric acid manu- 


facture, and for tank cars, 


storage 
tanks, forged valves and other compo- 
nents. It costs less than the austenitic 
grades and, while temperature ranges 
are somewhat more limited for various 


concentrations, this alloy is adequate 
for many applications. Its principal 
limitation is that it requires heat treat- 
ment after fabrication and is therefore 
not suitable for equipment erected in 
the field or for repair of equipment 
Limits of nitric acid concentration for 
a maximum corrosion rate of 5 mpy 
are as high as about 20° at the atmos- 
pheric boiling point; 20 to 40%, to 
about 160 F; 40 to 70°, to about 140 F; 
and 70 to 90%, to 85 F. Corresponding 
limits for not more than 50 mpy are 
approximately 20 to 40% concentration 
of nitric acid at the boiling point; 40 
to 70%, to 195 F; 70 to 90%, to 120 F; 
more than 90°, to 85 F 

The resistance of chromium steels to 
nitric acid is related directly to the 
chromium content, as indicated by the 
data in Table XI for tests in boiling 
65° nitric acid. 

Type 446 is comparable to type 304 
in resistance to nitric acid, but because 
it is more difficult to fabricate, it is 
employed in only a few special appli- 
cations. With the exception of type 430, 
none of the other chromium steels are 
used to any appreciable extent in con- 
tact with nitric acid 

The stainless steels are relatively in- 
sensitive to factors such as aeration, 
velocity and agitation, since nitric acid 
is oxidizing and tends to favor passiv- 
ity. Neither pitting nor stress-corrosion 
cracking is a problem under these cir- 
cumstances. However, nitric acid causes 
intergranular attack in unstabilized 
stainless steels that contain more than 
0.03". C, unless they have been properly 
heat treated. The presence of hydro- 
fluoric acid in nitric acid, as in certain 
pickling solutions, increases such at- 
tack. Hydrofiuoric acid also increases 
the rate of general corrosion, as do 
appreciable amounts of other halides 

In hot dilute mixtures of nitric and 
sulfuric acids, no appreciable attack oc- 
curs on the stainless steels when the 
ratio of nitric acid to sulfuric acid is 
about 2 to 1 or higher. This is one of a 
number of examples where sufficient 
nitric acid will prevent attack that 
would otherwise occur. With very dilute 
hot mixtures of sulfuric acid and nitric 
acid (about 1 to 1.5) total acid), where 
the proportion of nitric acid is not suf- 


Table LX. Corrosion of Steels Commonly Used with Nitric Acid 


Nitric - Corrosion at 72 F, mpy 
Acid, a Type 47 Type 430 
¢ Liquid Vapor Liquid Vapor 
98.5 61.0 47.0 670 510 
96.3 160 38.0 20.0 420 
23 30.0 44 290 
92.6 01 28.0 11 274 
90.1 01 74 046 276 
85.1 01 61 01 
Table X. Corrosion in Boiling Table XI. Corrosion of Chromium 
65% Nitrie Acid Steels in Boiling 65° Nitrie Acid 
AISI Corrosion, Chromium Corrosion, 
Type mpy mpy 
304 70 10 4200 
70 12 150.0 
309 40 16 40. 
310 4a 18 26.0 
$16 80 20 18.0 
347 70 12.0 
For annealed steels 


26 ° 74 


ficient to maintain passivity for the 
austenitic grades, type 443 (20% Cr, 1% 
Cu) has greater resistance 

Castings. Corresponding cast grades 
(CF-8, CF-8M and CN-7MCu) are 
widely used for valves, pumps and other 
castings in nitric acid service. Addition 
of stabilizing elements (usually colum- 
bium) or restriction of carbon content 
to 0.03° is not ordinarily justified, 
since most stainless castings can be 
quenched readily in water, and they 
are seldom welded in place in the fleld 
Types CF-8M and CN-7M, containing 
molybdenum or molybdenum and cop- 
per, are no more resistant to nitric 
acid than the CF-8 (18-8) grade but 
will handle a wider variety of process 
solutions. High molybdenum ‘and sili- 
con) contents are somewhat detri- 
mental to resistance to hot nitric acid 
in intermediate and higher concentra- 
tions. Cast chromium stainless steels 
are seldom used in nitric acid service. 


Phosphoric Acid 


The resistance to corrosion by phos- 
phoric acid solutions is similar to re- 
sistance to sulfuric acid solutions, but 
the allowable ranges of concentration 
and temperatures for acceptable per- 
formance are somewhat greater for 
phosphoric than for sulfuric acid 

Type 304 stainless steel has been sat- 
isfactory for handling dilute aqueous 
solutions of phosphoric acid at pH 3 
and room temperature, except where 
filter-aid or carbon or both are present, 
in which instances pump impellers 
have failed after 4 to 6 weeks of con- 
tinuous service. The failures were at- 
tributed to a combination of corrosion 
and abrasion. Tanks and pipe lines 
handling the same material gave sat- 
isfactory service for more than 5 yr 


Silver Nitrate 


In the production of 
where contamination must be held to 
a minimum, corrosion cannot exceed 
1 mpy. Type 310 and a modified 309, in 
which the chromium content is 24% 
min, meet this requirement. Types 304 
and 316 are suitable for aqueous solu- 
tions of silver nitrate at room tempera- 
ture, but are unsatisfactory at elevated 
temperatures or for acidified solutions 
This is illustrated by an installation in 
which a CF-8M casting was used for 
valve bodies, mixer shafts and blades 
in equipment that handles, at room 
temperature, a 70% silver nitrate solu- 
tion containing traces of nitric acid 
After 15-yr service the equipment was 
still in excellent condition: however, 
when valve bodies of this composition 
were used in 85°) silver nitrate solu- 
tions at 200 F, corrosion failure resulted 
in 3 yr 

Type 310, CK-20 or the modified 309 
or CH-10 (24% Cr min) should be used 
for elevated temperatures and in acid- 
ified solutions as encountered in the 
production of silver nitrate from nitric 
acid and silver 

Cast alloys corrode more readily 
than wrought alloys. This is attributed 
to the lower corrosion resistance of the 
ferrite in castings, especially in CH-10 
Service is satisfactory with CK-20 

Use of Equipment. Correct annealing 
and pickling are necessary to hold the 
corrosion to 1 mpy. In a unit for the 
production of silver nitrate crystals 


silver nitrate 


dissolving -kettles fabricated from prop- 
with 


erly annealed and pickled 309 
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Table XII. Corrosion by Some Solutions of Inorganic Compounds 


Temperature, 
deg Fahr 


Com pound and 


Corrosion, Compound and 
% Coneentration 


__mpy % Concentration 


Temperature, 
Steel deg Fahr 


Corrosion, 
mpy 
30 Sodium Sulfide 304 130 91 
30 Sodium Sulfide K 130 
40 Sodium Sulfide Boiling 
40 Sodium Sulfide . Boiling 
6 Sulfurous Acid K 104 
6 Sulfurous Acid . K 194 
100 Sulfur Chloride Boiling 
100 Sulfur Chloride 
All steels in the annealed condition 
chemicals. Tests made in the laboratory 


Steel 


30 Ammonium Arsenate .... Boiling 5 
10 Ammonium Chioride .... Boiling re | 


0A Hydrochiorice Acid . 80 10 
0A Hydrochloric Acid : 120 5 


30 Manganese Chloride K 194 07 
30 Manganese Chioride : 194 07 


28 Nickel Sulfate 2 122 


40 Sodium Bisulfide Boiling 
40 Sodium Bisulfide Boiling 


All solutions from CP 


chromium content greater than 24%, 
are still in excellent condition after 20 
yr. Similar kettles installed at the same 
time, having less than 24% Cr, lasted 6 
yr. These kettles handle solutions vary- 
ing from 0 to 85” silver nitrate and 
from traces to 50% nitric acid at 200 P. 
As indicated above, there are several 
variations which may affect the low 
corrosion rates required of stainless 
steels in silver nitrate solutions. Since 
the total of these effects cannot be 
determined simply by chemical analysis 
of the steel, corrosion tests should be 
run for each heat of stainless steel be- 
fore fabrication, regardless of compo- 
sition, for silver nitrate applications. 


Sodium Sulfide 


Type 304 can be used satisfactorily in 
contact with sodium sulfide solutions 
up to 50% concentration and to the 
boiling temperature of the solutions 
(Table XII). 

In repairing equipment that has been 
in sulfide service, the surface should be 
cleaned thoroughly by abrasive blasting 
before welding, to avoid cracking dur- 
ing welding. 


Stannic Chloride 


Types 304 and 316 have satisfactory 
resistance to aqueous solutions of stan- 
nic chloride at temperatures to 200 F 
for concentrations not exceeding 1% 
Type 316 is more resistant than 304 and 
has fair resistance to solutions of 10 
to 15% at 70 F, but its resistance is 
unsatisfactory at higher temperatures 
and concentrations, 


Stannous Fluoride 


Laboratory tests made at 200 F with 
aqueous solutions ranging from 2 to 
50% by weight indicate that stannous 
fluoride solutions can be handled in 
equipment made of the 300 series stain- 
less steels. A maximum rate of 3.9 mpy 


Table XIII. Corrosion by 
Stannous Fluoride 


Solution 
Strength, 
wt % 


Corrosion, mpy — 
316 “ 


(a) Stained black 


was obtained in a 2% solution. With al- 
lowance for experimental error, all 
rates either decreased or remained the 
same with increasing concentrations. 
No tendency toward pitting could be 
found, and stressed horseshoe-type 
specimens of 304 and 316 tested for 
stress-corrosion cracking did not fail. 
Table XIII gives a summary of these 
corrosion tests. 


METAL PROGRESS; PAGE 46 


Sulfation and Sulfonation 
Products 


The austenitic stainless steels and 
carbon steels have low corrosion rates 
in oleum (fuming sulfuric) and sulfuric 
acid of more than 80% concentration 
at room temperature. At 100 to 103% 
there is a distinct rise in the corrosion 
rate with carbon steel. Above 103%, 
both stainless and carbon steels have 
satisfactory corrosion rates. Steels of 
the 300 series are satisfactory for sul- 
fonation practice at room temperature 
with 78% sulfuric acid mixed with sul- 
fonation products. At 140 F corrosion 
of series 300 steels is excessive. Corro- 
sion rates at these temperatures are 
reported in Tables XIV and XV 


Table XIV. Corrosion by 78% Sulfuric 
Acid Mixed with Sulfonation Products 


-~Corrosion, mpy- 
Alloy 


Hastelloy 
Hastelloy C 
No. 20 
Inconel 


Table XV. Corrosion by Spent 
Sulfuric Acid After Separation of 
Sulfonation Products 


Corrosion, mpy 


Alloy 80 F 140 F 


Type 316 
No. 20 
Inconel 
Mild steel 


15.12 
5.94 

19.35 

63.6 


If accuracy of parts is essential, as in 
valves and control instruments, or if 
velocity of liquid is high, as in pumps 
or mixing operations, corrosion rates 
are excessive, and steels such as CN-7M 
and nickel-base alloys are needed. The 
neutralized products of sulfonation may 
separate when stagnant, and the series 
300 steels can be severely pitted by the 
resulting diluted acid. 


Sulfuric Acid 


The 18-8 varieties of stainless steel 
are resistant to corrosive attack by sul- 
furic acid within rather narrow ranges 
of concentration and temperature 

Although the stainless steels may be 
used safely in contact with 80 to 100% 
sulfuric acid at ambient temperatures 
(carbon steel is ordinarily used in this 
range), they are attacked at slightly 
higher temperatures. One to 5% sul- 
furic acid at ambient temperature 
should not be stored in vessels of mo- 
lybdenum-free stainless steels. Type 
316 may be used for this purpose; 317, 
with a higher molybdenum content, 
may be used safely in this range of 


acid concentration at temperatures as 
high as 150 F. 

Alloys such as No. 20 and CN-7M 
resist all concentrations of sulfuric acid 
at temperatures to 140 F, and to the 
boiling point for concentrations to 10°. 
but do not resist all concentrations 
over a wide range of temperatures. 

The preceding data pertain to pure 
sulfuric acid. The addition of oxidiz- 
ing agents (such as nitric acid, air and 
copper salts) will widen the range of 
applicability of all stainless steels; re- 
ducing agents (such as hydrogen) will 
narrow the range of usefulness. If 
other than pure sulfuric acid is used 
with stainless steel, corrosion tests 
must be made under conditions of op- 
eration in order to evaluate the useful- 
ness of the alloys. 

Only those concentrations of sulfuric 
acid and temperatures should be used 
that have given satisfactory results in 
corrosion tests. Tests should include 
annealed, sensitized (1200 F for 8 hr). 
stressed and crevice-type specimens 

Agitation and aeration in stainless 
steel equipment and the velocities of 
sulfuric acid solutions in piping should 
be adequate (5 to 15 fps) to keep all 
solids suspended. Charring of organic 
matter or deposition of scale (such as 
calcium sulfate) may result in pitting 
and perforation. The surfaces should 
be kept clean during shutdown periods 

Corrosion Failures. Organic acids and 
traces of inorganic salts contributed to 
the corrosion failure of welded zones 
in a steam-jacketed kettle of type 316 
used to heat 4% sulfuric acid in meth- 
anol. The interior surfaces of the 
kettle are shown in Fig. 8. This failure 
could have been avoided or delayed by 
the use of 316L or by fully annealing 
the kettle after fabrication 


Fig. 8. Weld-Zone Failures in Jack- 

eted Kettle of Type 316 Stainless 

after 1's-Yr Service in Methanol 
with Dilute Sulfuric Acid 
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Fig. 9. Flange of Van Stone End 

of Type 316 Pitted by Sugar and 

Sulfuric Acid at pH 18 and 275 to 
325 F 


The corrosion failure of Van Stone 
ends (type 316) on a continuous con- 
verter for sugar solutions is shown in 
Fig. 9. Crevice-type corrosion in the 
flanged ends was increased by a car- 
bonaceous deposit at these points. The 
solution contained sulfuric acid at pH 
18 and was held between 275 and 325 
F. Since the ends had not been an- 
nealed after forming, corrosion was in- 
creased by the severe stresses devel- 
oped in the flanged areas The 
corrosion could have been curtailed 
by using ends with a thicker wall and 
annealing, and by cleaning the carbo- 
naceous deposit. 


Sulfurous Acid and 
Sulfur Dioxide 


Stainless No. 20, types 316, CF-8M, 
317 and CN-7M have been used in 
equipment for sulfur dioxide (wet) and 
sulfurous acid environments. The mo- 
lybdenum in these alloys gives the re- 
quired resistance to reducing environ- 
ments of sulfurous acid. The wrought 
type 316 and cast CF-8M alloys are the 
most widely used 

Complete suspension of any solids 
present is necessary to avoid crevice- 
type pitting. Figure 10 shows pitting 
and perforation of a Van Stone flanged 
end of 304 stainless welded to a tube 
of type 316; the latter did not corrode 
Crevice pockets, lapped joints, 90-deg 
corner intersections and similar ob- 
structions should be avoided, and the 
surfaces should be clean and smooth. 

Cold and hot working should be 
limited to minor forming operations 


that will keep the hardness of the steel 
below Rockwell B 96. Stress-corrosion 
cracking can occur in steel exposed to 
sulfurous acid solutions containing 100 
ppm or more of meta! chlorides 

To insure against failure of weld 
zones in severe environments ‘(more 
than 1.0% sulfur dioxide) extra-low- 
carbon alloys should be used for equip- 
ment that requires much welding 

Corrosion Failures. Crevice-type pit- 
ting has caused the failure of tank 
bottoms and perforation of heating 
coils. Solids, such as filter-aid, acti- 
vated carbon and bentonite, which set- 
tle on the bottom of tanks and the top 
of heating coils, cause pitting and per- 
foration of these surfaces 

Tubing of type 316, handling sulfur 
dioxide and sulfur trioxide vapors be- 
tween a sulfur burner and a sulfurous 
acid absorber, experienced accelerated 
corrosion caused by condensation of 
moist sulfurous acid and sulfuric acid 
at 150 to 250 F. A field corrosion test 
had indicated that stainless steels were 
unsatisfactory for this environment 

Severe erosion-corrosion of pump 
impellers and valve bodies has been 
caused by sulfurous acid slurries that 
contain suspended solids. Pump impel- 
lers may fail from erosion-corrosion in 
a few weeks. Alloys such as types 316 
CF-8M and CN-7M generally give the 
longest service in erosion-corrosion en- 
vironments. The useful service life of 
the stainless steels can be predicted 
from data obtained in a laboratory cor- 
rosion test of circular specimens, cen- 
tered on a stainless steel shaft revolv- 
ing at high speed (10,000 rpm) in the 
process slurry 


Fine and Pharmaceutical 
Chemicals 


Stainless steels, principally the 18-8 
type, are used by the fine chemical and 
pharmaceutical industry for maintain- 
ing sanitary conditions in corrosive and 
noncorrosive environments, as well as 
for resistance to corrosion. Considera- 
tions of sanitation dictate the selection 
of stainless steels for the majority of 
installations. Although the corrosion 
resistance of the equipment handling 
the product is important, the effect of 
corrosion on the life of the equipment 
is usually less important than the ef- 
fect of corrosion products on the chem- 
icals or biologicals being processed 

The purity, color and stability of the 
pharmaceutical products may be great- 
ly affected by the presence of trace 
quantities of metallic ions. For exam- 
ple, traces of iron affect vitamin B, by 


Fig. 10 
Sulfurous Acid. The type 316 tu 


Van Stone Flange of Type 304 That Was Pitted and Perforated b 
ng to which it was welded was not corrode 


forming a highly colored complex; 
therefore stainless steel is unsuitable 
for handling vitamin B, hydrochloride 
even at very low corrosion rates. Stain- 
less steel has proved satisfactory for 
the processing of vitamin C, but all 
traces of copper must be eliminated 
since copper in aqueous solutions ac- 
celerates the rate of decomposition by 
a factor of about 3000 

Although carbon steel is satisfactory 
for handling dry chloroform at room 
temperature, it will not serve in proc- 
essing operations involving chloroform 
that contains acid. Where a carbon 
steel pipeline was used with a chloro- 
form processing system made of type 
316 stainless steel, it was found neces- 
sary to install type 316 pipe 

A carbon steel pipe that carried the 
solution from the condensation reac- 
tion unit, which contained a free base 
neutralized with hydrochloric acid at 
pH 5.8, gave satisfactory service until 
a process at pH 5.0 was initiated. Then 
corrosion immediately became notice- 
able. Stainless steel pipe (type 20), in- 
stalled as a replacement, gave satis- 
factory service although some corrosion 
still occurred. Generally, type 20 can be 
used with solutions acidified with hy- 
drochloric acid above pH 5.0 

A complex of metaphosphates called 
“hyphos” has been used as a chelating 
agent. In an emergency, the solution 
was transferred in a pipe of carbon 
steel. After a short time the pipe had 
corroded wafer thin. Replacement with 
type 316 showed no corrosion 

Among the various fine and pharma- 
ceutical chemicals handled in stain- 
less steel equipment are: 35% ammo- 
nium sulfate (pH 4 to 7.5), 5% butanol 
at 70 F, 25% caustic at 70 F, 20° 
phenol at 70 F, 20% sodium sulfite at 
80 F, 50% sodium hydroxide, organic 
acids from protein extraction (pH not 
less than 4.5), and biological mediums 


Uses in the Pulp and 
Paper Industry 


The use of stainless steels in the pulp 
and paper industry is not confined to 
solving corrosion problems. Stainless 
Steels are often selected because they 
resist scaling and sliming, prevent con- 
tamination, and have good mechanical! 
and physical properties. There are two 
pulpmaking processes—one utilizes me- 
chanical or ground wood pulp and the 
other, chemical pulp. This section is 
devoted to chemical pulping by the al- 
kaline process, which is the one more 
widely used in the production of pulp 
for papermaking. The process com- 
prises the soda and sulfate method of 
separating wood fibers from lignin by 


digesting the wood chips in a large 
pressure vessel (the digester) with a 
solution of sodium hydroxide - sodium 


sulfide and steam. Other chemicals 
that may be present are sodium car- 
bonate, sodium sulfate, sodium sulfite 


sodium thiosulfate, sodium silicate and 
sodium polysulfides 

During recent years corrosion prob- 
lems in alkaline digesters have caused 
much concern and investigation. Five 
years ago, the Technical Association of 
the Pulp and Paper Industry (TAPPI) 
formed a subcommittee to study the 
problem. A great number of reports 
data sheets and technical papers on 
the subject have been presented to the 
industry and, through the combined 
efforts of the committee, a report on 
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the inspection of digesters was pre- 
pared. It is believed that by applying 
the recommendations made in the re- 
port (TAPPI Monograph 12, 1954), cor- 
rosion in digesters can be mitigated. 

The committee reports that for 86 
carbon steel digesters, the average cor- 
rosion rate was 28 mpy, while for 13 
alloy digesters (stainless and high- 
nickel alloys) the average was 7 mpy. 
It was estimated that the annual cost 
to the US. industry for this deteriora- 
tion from alkaline corrosion is $2 mil- 
lion, or 22c per ton of pulp. It would 
seem that, unless the corrosion is well 
above average in any one particular 
plant, the continued use of carbon 
steels for digester fabrication is still 
economically justifiable. 

To combat severe corrosion, a few 
users have installed clad or lined digest- 
ers in their mills. Types 347 and 316L 
have been used for this purpose, as 
either clad or applied linings. Inconel 
has also been used with good success 
except where field strip linings have 
been applied directly on the carbon 
steel, Type 347 stainless steels have 
shown the greatest general attack in 
the vapor portion of the digester. 

In the liquid portion of the digester, 
the alloys show very little general cor- 
rosion but some applied linings of 
stainless steel have stress-corrosion 
cracked. This has been caused largely 
by leaks at the seal welds which have 
allowed liquor to penetrate into the 
crevice between carbon steel and liner 
where it can become concentrated by 


sult is a concentration of salts in the 
liquor which, together with elastic 
stresses in the stainless steel lining, 
causes stress-corrosion cracking from 
the back side and also undermines aus- 
tenitic stainless steel seam welds from 
the carbon steel, thus removing the at- 
tachment of applied liners. 

A successful method for combating 
the penetration of liquor behind applied 
linings is the steam back-pressuring of 
all of the lining in the digester. This 
prevents leaks from concentrating and 
prevents stress-corrosion cracking. 

After the pulp has been washed and 
separated from the liquor, the shives, 
dirt and fiber bundles are screened. 
Corrosion and the maintenance of 
cleanliness were an unending problem 
in this operation until stainless steels 
were employed. In general, stainless 
steels are becoming more widely ac- 
cepted as one of the most satisfactory 
materials for alkaline pulping equip- 
ment where corrosion is a problem 

Except for a few applications, the 
stainless steels have not been satis- 
factory in equipment for the bleaching 
operation because of the high concen- 
tration of chlorides required in this 
process. Washer-faces of type 316 have 
given good service in the last stage of 
washing. 

In the papermaking cycle the prob- 
lems of corrosion are much less serious 
than in the pulping or bleaching cycles 
Stainless steels are being accepted 
widely because of the cleanliness that 
must be maintained to meet the re- 


other reasons given at the beginning 
of this section. 

Tables XVI and XVII are reports of 
experience with stainless steels in an 
alkaline sulfate mill. The tabulations 
follow the sequence of operations in 
the manufacture of pulp and paper. 
It should not be assumed that because 
the particular application of a certain 
alloy was successful in one plant, it 
would be the answer to a corrosion 
problem in another similar mill. 

Kraft digesters that were lined with 
type 316 and 347 failed from stress cor- 
rosion caused by concentration of 
liquors that had leaked under the lin- 
ers. It is not unusual to find sodium 
chloride present in the niter cake used 
to prepare the white liquors for the 
Kraft process. However, after experi- 
encing some of this cracking in serv- 
ice, one firm made up synthetic solu- 
tions of commercial white liquors from 
chemicals which, according to the 
manufacturer, did not show any more 
than the following amounts of chlo- 
rine: 


0.005% Cl 
0.001 

. 0.000 
0.001 


Results of tests with these salts 
showed that cracking requires higher 
concentration when a single salt is 
used; for instance, 116 g of NaS in 
water to make 500 ml did not crack 
type 347 in 96 hr at 360 F; 263 ¢ of 
Na.S cracked type 347 in 136 hr; 200 g 


removal of the moisture. The end re- quirements for fine papers and for of NaOH cracked type 347 in 120 hr. 


Table XVI. Experience with Stainless Steels in the Unbleached Pulping Cycle 


Reasons for Alloy 
Selection Type 
Wood Room 


Corrosion 302 
resistance 


Service- 
ability 


Reasons for 
Selection 


Alloy 
Type 


Service- 


Application ability 


Environment Application Environment 
Recovery 
Condenser Very good Evaporator tubes Corrosion 304 
water from Ist and 2nd resistance, 
evaporator effects and cleanliness, 
process vapor domes heat transfer 
Black liquor fuel Corrosion 24 Ni, 
injector, pumps resistance 20Cr, 
Excellent on recovery 3 Mo 
boiler 
Venturi serubber Corrosion 
recirculation resistance 
pumps on re- 
covery boiler 
Induced draft 
fan rotors and 
casing 
Green liquor dis- Corrosion 304 
solving tank resistance 
and agitation 
equipment 


Pond circulation 
pump 


Black liquor Excellent 


Heavy black 
liquor and 
salt cake 


Digester Room (Sulfate Process) Excellent 


Corrosion 304 Kraft un- 
resistance, washed pulp 
cleanliness 

Corrosion 304 
resistance, and 
wearability 316 


Pulp sampling 
tables and 
sinks 


Digester steam 
nozzle ring 


24 Ni, 
20 Cr, 
3 Mo 


Heavy black 
liquor 


Excellent 
Wood chips, Good 
black and 

white liquor, 


steam Excellent 


Good 


Corrosion 304 
resistance 


Gases from 
furnace 


Excellent 
Digester relief 


piping 


Corrosion 
resistance, 
wearability 

Cleanliness, 304 
corrosion 
resistance, 
heat transfer 

Corrosion 304 
resistance, 
wearability 

Cleanliness, 304 
corrosion 
resistance, 
heat transfer 


Gases from 
digester 


Green liquor 
from causti- 
cizing room 
and smelt 
from furnace 


Green liquor 


Good 
Blow-heat con- 


denser tubes 


Gases and 
vapor from 
digester blow 


Excellent 


Cooked sulfate 
pulp 


Good Green liquor 
pumps and 20 Cr, 
piping 3 Mo and 304 
Causticizing tank Corrosion 304 Green liquor 
and agitation and erosion and lime 
resistance 
Corrosion 304 
resistance 


Screen Room 
Cleanliness, 304 
corrosion 
resistance 
Cleanliness, 304 
corrosion 
resistance 
Cleanliness, 304 
corrosion 
resistance 
Cleanliness, 304 
corrosion 
resistance 


Wet Machine Room 
Cleanliness 302 Washed and 
screened kraft 
pulp 
Washed and 
screened kraft 
pulp 


24 Ni, 


Corrosion 
resistance 


Digester blow Fair 


vaives 


Turpentine 
recovery 
condenser 


Initial gases Excellent 
and vapors 
at beginning 


of cooking 


Good 


Green liquor 


Green liquor 
settling tank 


and lime mud 


Good 
Pulp Washing (Sulfate Process) 
Corrosion 316 Cooked (un- 
and erosion washed) pulp 
resistance 
Corrosion 
resistance, 
cleanliness 
Corrosien 
resistance 


Blow-tank 


target ’ All piping Washed stock 


and water 


Excellent 
Knotter screens Pulp and 


black liquor Genes 


Washed stock 
and water 


Excellent 


Good 
Good 
Good 


Knotter con- 
veyor and 
storage tank 

Wire cloth on 
washers 

Pulp conveyor 


Uncooked 
knots and 
black liquor 


Kraft pulp 


Head boxes Washed stock 


and water 


Excellent 


Corrosion 
resistance 

Corrosion 
resistance, 
cleanliness 


Good Screen plates Washed stock 


and water 


Excellent 


Washed un- 
screened pulp 


Excellent 


Corrosion Stock piping Excellent 


resistance 


Fastenings and 
accessories 


Filtrate pumps 


Corrosion 
atmosphere 


Excellent 


Corrosion 


Black liquor 
resistance 


dilute 


Excellent Flow boxes Cleanliness 302 Excellent 


| 
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Na.S 
NaOH 
Na.co 


Reasons for Alloy 


Application Selection 


Type Environment 


Table XVII. Experience with Stainless Steels in the Papermaking Cycle 


Service- 


ability Application 


Reasons for 
Selec*ion 


Alloy 


Service- 
Type 


Environment ability 


Beating Operation Fiow boxes, mix- Cleanliness 304 Water, white Excellent 
ing bexes, head flexibility, water and 
Stock piping Cleanliness 302 Pulp Excellent boxes, cou- low main- pulp slurry 
and pilings, consist- tenance, 
504 ency regula- corrosion 
é 4 reais 
Alum tanks Corrosion 67 Ni- Alum Excellent 
pipelines, resistance 29 Cu other parts at 
valves, pumps 82 Fe- wet end 
14 Si 
Save-all pans Cleanliness, 304 Sizing, wet Excellent 
Beater vats Cleanliness, 304 Pulp, colors, Excellent application flexibility strength, 
corrosion clays, fillers pans at presses maintenance, resins, various 
resistance, low sizing, alum corrosion chemicals 
maintenance, resistance 
flexibility Chemical tanks, Cleanliness 304 Various chemi- Excellent 
Beater measur- Cleanliness, 304 Sizing Excellent proportional flexibility cals for 
ing tanks low mainte- pumps, valves maintenance, papermaking 
nance, and piping correnen 
resistance 
Exhaust Low main- 304 Moist hot air Excellent 
Stock piping Cleanliness, 304 Pulp, slurries Excellent ventilation tenance 
flexibility, for paper- corrosion 
low maintenance making 


Types 316 and 347 were cracked in 
test bombs at 350 to 360 F in 24 hr by 
a synthetic solution that contained the 
following: 


NaOH 98.8 g 

Na.S . 9H.O 124 

Na.SO, . 10H.O 8.6 

Na.co. “45 

H.O 1000 ml 
The sodium hydroxide that con- 


tained no chloride and was used alone 
cracked types 316 and 347; the sodium 
sulfide that contained less than 50 ppm 
chloride also caused cracking. There- 
fore, the presence of chloride may not 
be essential to cracking 

Perforated backing plates of type 316 
stainless steel for paper-pulp washer 
screens, approximately 02 in. thick 
with cold punched 5/16-in. holes on 
'4-in. centers, were checked for suscep- 
tibility to cracking by immersion in 
boiling 42° magnesium chloride. 
Cracking occurred in 18 hr (Pig. 3) 
Although this test is severe, the known 
cracking tendencies of pulp-mill wash- 
ing and bleaching solutions, nearly all 
of which contain chloride ions, indicate 
the value of the test. No cracks were 
evident in the stress relieved equipment 
after one year of service 


Uses in the Food Industry 


Stainless steels are used for their 
corrosion resistance wherever metal 
comes in contact with the food product 
during processing, and because they 
can be cleaned quickly and easily. Ap- 
plications include pumps, tubing, tanks, 
kettles, filling machines, heat exchang- 
ers and vacuum tanks. Process tem- 
peratures may be as high as 300 F, and 
the processing may be in vessels oper- 
ating under pressure or vacuum. 

Stainless steels are used also where 
equipment is subjected to water spray, 
a continual flow of water, or severe 
clean-up procedures. In such applica- 
tions the product does not come in 
contact with the metal, but the use of 


carbon steel may cause rust to appear 
on the surface of the product con- 
tainer or replacement of seriously cor- 
roded equipment may be costly. Equip 
ment in this group includes bottle 
washers, continuous coolers, continuous 
cookers and conveyers for containers. 

In the primary stages of processing, 
some of the concentrated ingredient 
solutions are highly corrosive. Pickle 
liquors and sauces are corrosive, as are 
other solutions that contain salt and 
vinegar. Food products such as vege- 
tables contain little acid, and their 
effect on stainless steels is negligible. 
Use of Equipment. The handling of 


sauces or pickle liquors has caused 
much difficulty because of pitting of 
tubing (type 304) at the level of the 


liquid. Although type 316 is more re- 
sistant, tubing of this alloy has been 
pitted in 4 to 12 months 

Pumps of type CF-8 are used for the 
less corrosive solutions, such as vege 
tables; for sauces, pickle liquors and 
items containing vinegar, type CF-8M is 
necessary. Because pumps and impel- 
lers may need to be interchanged be 
tween different processes, type CF-8M 
is preferred for such units. Type 304 is 
used for exhaust hoods over open 
kettles and tanks because of its ability 
to withstand corrosive fumes and 
vapors from sauces and liquors con- 
taining vinegar. Impellers for the han 
dling of fumes from these tanks and 
kettles are of type 316. Type 304 is also 
used for agitators in corrosive solu 
tions and is recommended for tanks to 
store all products except pickle liquors 
and sauces; tanks for these should be 
of 316L, or 316 that has been heat 
treated, sand blasted, and passivated 

Jacketed kettles and tanks employed 
for pickle liquors and sauces should be 
of 316L or 316 that has been heat 
treated, sand blasted and passivated 
Unless 316L or 316 (heat treated) is 
used, localized pitting will occur at the 
welded area—often after only 3 months 
of operation 


Table XVIII. Corrosion by Organic Compounds 


Compound and 
Concentration 


40 Chloracetic acid 

25 Dichloracetic acid 
100 Ethylene dibromide 
25 Glycolic acid 

95 Glycolic acid 


Methylene bromide (wet) 


9 Propionic acid.... 


Temperature, Corrosion 


Stee! deg Fahr mpy 
316 104 5 
204 75 41 
S04 Boiling 29 
504 150 
304 150 
304 Boiling 1 
316 260 5 


resistance 


Drums to hold dry ingredients such 
as vegetables are usually of type 304 
Tanks used as filler bowls should be 
made of extra-low-carbon stainless 
steels to prevent pitting attack ad- 
jacent to the welded area. If the filler 
bowls handle food products less cor- 
rosive than sauces, type 304 is recom- 
mended 

The equipment must be designed so 
that the surfaces are kept clean by 
the product as it is continually fushed 
across the surface; there must be no 
crevices or corners where the product 
could lodge. Welds in corners should 
be avoided because, in such locations, 
they cannot be ground smooth 


Many corrosion difficulties can be 
avoided by frequent cleaning of the 
Stainless steel equipment. At the con- 


clusion of an operation, the equipment 
is flushed thoroughly with fresh water, 
then scrubbed with a nylon brush, using 
a detergent and hot water. After this, 
the vessel is washed with hot water and 
rinsed with cold water 

In equipment for the more corrosive 
food products, the extra-low-carbon 
Stainless steels should be used wherever 
practicable. Generally, it costs less to 
use these than to use the regular stain- 
less steels that require heat treatment 

Experience has indicated that a 2B 
finish (bright, cold rolled) is superior 
to a No. 4 finish ‘(ground or polished 
with 120 to 150-grit abrasive). The 2B 
finish has fewer grooves where food 
particles could cling 

Test specimens should be suspended 
beneath the liquid, partly in the liquid, 
and immediately above the liquid 
Welded specimens should be included 
in the tests. Although laboratory tests 
are important, the results will not al- 
ways correlate with actual experience 
Data indicating corrosion resistance of 
Stainless steels to food process solutions 
may be obtained by using the following 


test solutions 
Solution A 
Acetic acid 21 % 
Salt 6.25 
Garlic 


Solution B 


Salt Solution 7153 % 
Solution 

Salt solution 20 % 

Acetic acid 40 

Sugar 22.40 


All three are used at 140 FP. Duration 
of testing varies from a few days to 
several months 
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The Selection of Aluminum Alloy Castings 


By the ASM Committee on Aluminum Alloy Castings 


THE PURPOSE of this article is to 
help engineers and metallurgists in the 
selection of casting method and alloy 
for parts to be made as aluminum alloy 
castings. Design data and process limi- 
tations are dealt with. Typical varia- 
tions in mechanical properties are 
given, supplementing the nominal val- 
ues published in the 1948 Metals Hand- 
book. Parts are referred to in illustrat- 
ing factors important in selection. 

As shown in Table I, the nominal 
mechanical properties of many of the 
aluminum casting alloys are similar. 
Non-heat-treatable alloys or heat treat- 
able alloys in the annealed condition 
have a tensile strength of about 15,000 
to 20,000 psi, while most alloys in the 
T6 (heat treated and aged) condition 
have a tensile strength of 30,000 to 
40,000 psi. In a majority of commercial 
applications any of several alloys might 
be selected to meet mechanical] require- 
ments. Hence, alloy selection must be 
based on other considerations. Of these, 
the most important is the cost of the 
completely finished part. 

The cost of the finished part is a 
function of: (1) the alloy chosen and the 
inherent technical problems of casting 
that alloy, (2) the quantity of parts to 
be procured, (3) the casting process 
specified, (4) the complexity of the 
geometric shape of the part, (5) the 
dimensional tolerances required, (6) the 
relationship between the as-cast and 
the finished machined dimensions, tol- 
erances and surface finish, and (7) fa- 
miliarity of the foundry in casting the 
alloy selected by the process specified. 

Alloy Usage. Although all of the al- 
loys listed in Table I are commercially 
castable by the processes indicated, the 
casting industry has established a 
preference for several alloys for each 
casting process, Other alloys are less 
popular because they are not s0 easy 
to handle in the foundry. This popu- 
larity of certain alloys is made evident 
by the figures for consumption of 
secondary alloy in the most widely 
used processes. 

In sand castings, alloys 108 and A108 
together represent 37% by weight of all 
castings produced, followed by alloys 
of the 7% Cu, 2% Si, 2% Zn type 
with 36%, alloy 356 with 14%, and a 


Fig. 1, Cover for Aircrajt Engine 
Rocker Box Made as a Die Casting 


of — 360 Solely on the Basis of 
inimum Cost of Part 
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total of 13% for all others. Among per- 
manent mold alloys, D132 represents 
41%, followed by alloy 319 with 34%, 
alloy 43 with 10%, and others 15%. 

In die castings, alloy 380 represents 
80% , followed by alloy 13 with 15%, and 
all others 5%. Many die castings are 
made of secondary metal because the 
sodium content of primary metal may 
cause castings to stick in the die. Also, 
remelt metal is sometimes considered 
to be more thoroughly mixed and to 
have the alloying elements more uni- 
formly dispersed. 

A typical example that indicates the 
selection of a less popular alloy for 
specific reasons, is shown in Fig. 1, an 
aircraft engine rocker box cover (ap- 
proximately 7 in. in largest dimension), 
which functions as a cover for a work- 
ing mechanism and prevents loss and 
contamination of lubricants. Die cast- 
ing was selected for its economy of 
large-volume production and alloy 360 
for its suitability to die casting as well 
as its good corrosion resistance. How- 
ever, should production quantities be- 
come considerably smaller—as in phas- 
ing a particular part into or out of 
production—another casting method 
and alloy might be used. 

The casting shown in Pig. 2 is used 
in an internal assembly where surface 
finish, porosity and casting tolerances 
are relatively unimportant. This part is 
an alignment spacer, and since it is 
lightly loaded, strength is not an im- 
portant factor. The choice of sand 
cast Al08 alloy, using an eight-cavity 
match-plate pattern, was based on the 
equipment available. The part could be 
tooled equally well for permanent mold 
or die casting and, with these methods 
also, Al08 would have been used be- 
cause it was the standard alloy cast 
in the foundry chosen and could be 
produced with few rejects. 

Lowest rejection rates of raw castings 
generally will be experienced when an 
alloy of high fluidity is specified. Silicon 
aids fluidity and the popular alloys are 
high-silicon alloys. Fluidity becomes a 
more critical factor as the complexity 
of the part increases or as section size 
decreases. However, in alloy selection it 


must be remembered that even though 
a part lends itself to casting in one of 
the less fluid alloys, the use of one of 
the more castable alloys is likely to re- 
sult in an even lower over-all rejection 
rate of raw castings at the foundry. 

The specification of a heat treatable 
alloy usually increases the cost of the 
end product considerably. Therefore, 
such a choice must be justified on the 
basis of technical requirements. 


Quantity of Parts 


The quantity of parts ordered affects 
the unit cost of the finished part pri- 
marily through foundry savings associ- 
ated with knowledge of how to produce 
the specific part. If quantities are large 
enough, die costs for die or semiperma- 
nent mold castings may be justified. 
Figures 3 and 4 show two parts where 
such studies have been made. 

Figure 3 is a comparison of final part 
costs of centrifugal permanent mold 
and die castings for an adapter plate, 
with the permanent mold process show- 
ing a cost advantage over the die-cast- 
ing process for all quantities. 

The centrifugal casting process was 
selected for this part in preference to 
the standard gravity method because of 
lower production costs. In spite of the 
greater die costs associated with the 
centrifugal process, the higher yield, 
thinner sections and other factors pro- 
vide a cost advantage over the gravity 
method. 

Figure 4 gives the final part costs 
for transmission extension castings pro- 
duced by permanent mold and die 
casting methods. The permanent mold 
method was chosen for this part (pro- 
duced in quantities of about 3600 
castings per day) because of its cost 
advantage which, seemingly small as 
depicted on the graph, accumulates sig- 
nificantly over a period of months 

This method of comparing processing 
costs is as readily adaptable and as 
valid for short runs as for long. The 
break-even point between shell molding 
and investment casting, for example, 
may occur at less than 100 parts 

Casting Process Specified. The princi- 
pal types of casting processes are: sand, 
permanent mold, investment and die. 

As is well known, a sand casting can 


Fig. 2. Alignment Spacer Made of 
Al08 Solely on the Basis of Mini- 
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be made using any simple pattern. 
Gates, risers and sprues can be cut into 
the sand mold by the molder. Sand 
casting can be used where minimum 
investment in tools is dictated by the 
quantity to be produced. On the other 
hand, a shell mold casting, which is 
a high-production sand casting or a 
semiprecision investment casting (de- 
pending on the reader’s point of view) 
requires more elaborate tools. This will 
raise the price of raw castings for small 
quantities and probably will reduce it 
for large quantities 

Permanent mold, investment, and die 
casting processes all require moderate 
to large investment in tools. These 
processes are generally specified where 
the quantities to be produced or the 
casting peculiarities justify such larger 
investments 

Complexity of the geometric shape 
adds to the cost of every step in the 
production of a casting—from prepara- 
tion of the drawing for the part to 
inspection of the finished article. 


Dimensional Tolerances 


The relation of tolerances to produc- 
tion costs in casting processes is similar 
to that in other manufacturing meth- 
ods. Maximum economy is obtained by 
allowing as large a tolerance on each 
dimension as is practicable 

The increase in cost resulting from 
tighter tolerances holds for all casting 
methods. The reason is illustrated for 
investment castings in Fig. 5 and 6. The 
normal variation in tolerance from pat- 
tern dimensions (Fig. 5) and the rate 
of rejection as related to tolerance on 
one dimension (Fig. 6) are indicative 
of the latitude in tolerance that is 
needed for economical production— 
even for a method that is usually re- 
garded as highly accurate 

The dimensional tolerances imposed 
by design requirements may determine 
what casting method is used. The tol- 
erances across the parting line, between 
points on one part of the mold, and 
between points produced by core and 
mold (illustrated in Fig. 7) are listed 
for the different casting processes in 
Table Il. These are representative val- 
ues for normal production practice. It 
is evident from these figures that the 
large-volume processes such as sand 
and permanent mold casting are most 
suitable for parts on which relatively 
large dimensional tolerances are ac- 
ceptable. Investment and plaster mold 
processes represent the other extreme. 

If the parting line tolerance for plas- 
ter mold casting is reduced to plus and 
minus 0.010 in. plus 0.001 in. per in. of 
length (from the customary 0.0015 in. 
per in. of length) for 12-in. castings, 
the increase in casting cost would be 
about 15%. Similarly, tightening the 
parting line tolerance by 0.0004 in. per 
in. of length for shell molding increases 
the cost by about 15%. Pigure 8 gives 
graphic representation of the spread 
between minimum and recommended 
tolerances for centrifugal permanent 
mold casting. The tolerances given in 
Fig. 8 are for one side of the parting 
line and should be increased 50% if the 
web is on both sides of the parting line 
Webs defined on one side by a movable 
core should have a tolerance of plus 
and minus 0.010 in. min. 

As-Cast and Finished Machined Di- 
mensions. There is some misconcep- 


tion regarding accuracy obtainable with 
investment castings. Tolerances are 


closer than on sand castings, for exam- 
ple, and there is a marked reduction in 
the amount of machining needed for 
parts made by this process. However, 
it is still impossible to cast parts to 
the equivalent of machined dimensions 
On a casting with about 30 dimensions 
and a normal tolerance of about plus 
and minus 0.010 in. on each dimension, 
probably 20 to 25 of the tolerances are 
usually met; the remainder are outside 
the specified limits. 


100 


By casting a part to close tolerances, 
complex and costly machining opera- 
tions can often be eliminated. There- 
fore, direct comparison of cost between 
an investment casting ‘(or a precision 
sand casting) and a conventional cast- 
ing is misleading unless the cost of 
machining is also considered in the 
evaluation. It is for this reason that 
investment casting is most frequently 
applied to the ferrous metals having 
low machinability. 
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Fig. 3. Cost Comparison for an Adapter Plate as Made by Die Casting and by 
Centrifugal Permanent Mold Casting 
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Table 


ASTM 
Designation 


Government 
Specification 


S5A 
S5B 
CS43A 
CS72A 
CG100A 


Comp 2 
QQ-A-Ola, 
QQ-A-Hla, 
QQ-A-Wla 
Comp 7 
QQ-A-Hla 
Comp 6 
QQ-A-60la 
Comp 4 


Comp 
Comp 
CN42A 
C4A 
GS42A 


GI10A 
SCHC 


QQ-A-60la 
QQ-A-601a 


Comp 
Corp 
SCS5IA QQ-A-H01a 

Comp 10 


Comp 3 


A612 
Allcast SCB 


Red X8 SCB2A 


ZG61A QQ-A-GOla, Comp 


MIL-A-17129 


S5A 
S5B 
SCHIA 
CS72A 
CG100A 


QQ-A-56a 

Comp 7 
QQ-A-5%6a 
QQ-A-506a, Comp 
QQ-A-506a, Comp 


SN122A 


CSI04A 
CN42A QQ-A-596a 
Comp 3 


CS42A QQ-A-5%6a, Comp 


GZA2A\" 
GS42A 
SCSIA 


QQ-A-5%a, Comp 
QQ-A-5%64 
Comp 6 
SGT0A QQ-A-596a 
Comp 8 
750 
Allcast 
Red X8 
Red X13 


SCB 
B108-54T 


QQ-A-Hla, Comp 


QQ-A-Sla, Comp 3 
Comp ! 


QQ-A-Sla 
QQ-A-Hla, Comp 
QQ-A-S9la, Comp 
QQ-A-Sla, Comp 


SGI100A 


Comp £ 


QQ-A-5%6a, Comp 9. 


MIL-A-958 (Ships) 


~Nominal Composition, ‘ 
Cu Mg Si Others 


Sand Casting Alloys 
5.0 


1.7 Zn 


2.0 Ni 


07 65 Zn 
5.0 


03 6.0 03 Mn 


0.6 5.5 Zn 05 Cr 
02 Ti 


Permanent Mold Casting Alloys 
5.0 
‘ 5.0 
45 55 
7.0 35 
10.0 


OB 12.0 


3.5 9.0 
10.0 : 40 
4.0 5 


45 2.5 


65 Sn 10 
5.0 

8.0 03 
12.0 0.7 


Die Casting Alloys 
12.0 
5.0 
4.0 5.0 


12.. 95 
1 35 85 
38 12.0 


Condi- 
tion’ 


Compositions and Tensile Properties of Aluminum Casting Alloys 


Strength, 1000 psi 
Tensile Yield— 
Nom Min Nom Min 


Elongation 
in 2 In., %- 
Nom Min 


2.0 (b) 
9.0 (b) 
3.0 (b) 
8.0 (b) 
5.0 (b) 
2.0 (b) 
10 (b) 


(a) Solution and | recipitation heat treatments, designated by the letter T and a numeral, are defined in 1948 Metals Handbook, 


page 837; F indicates as-cast condition. 


Costs associated with foundry tech- 
niques usually will not vary greatly for 
conventional and precision methods 
The same type of basic equipment gen- 
erally is used for both. Occasionally 
cores will require special handling or 
preparation that will increase costs. 
Inspection costs will be directly af- 
fected because of the more extensive 
layout and closer quality standards re- 
quired for investment and precision 
sand castings. 

The tolerances for shell mold cast- 
ings depend on the pattern. A pressure- 
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(b) Not required for 


acceptance. (c) 


cast aluminum plate will come within 
0.030 in. of drawing dimensions. Ma- 
chined cast iron patterns, which cost 
2 to 3 times as much, will serve for 
longer runs, and the variation in toler- 
ance between individual castings will 
be reduced considerably. A variation of 
0.001 in. per in. can be held within one 
part of a mold; for the tolerance across 
the parting line, the parting-line varia- 
tion of plus and minus 0.015 in. must 
be added. The cost of these closer tol- 
erances is a pattern cost and not an 
added cost of foundry operation 


Less than 0.5% 


(d) B179-49T 


Table III summarizes the available 
information on dimensional limits and 
tolerances for the different aluminum 
casting processes. Several typical ex- 
amples illustrative of process selection 
on the basis of dimensional tolerances 
are described in the section devoted 
to design considerations (page 56) 

While the selection of permanent 
mold casting for automotive engine pis- 
tons (Fig. 9) involves factors of cost 
and quality as well as dimensional ac- 
curacy, this item is indicative of the 
dimensional accuracy that can be ob- 


— 
5.0 F 17 7 ee ae 
108 40 ‘ 3.0 F 21 19 14 12 2. 
113 7.0 2.0 | F 24 19 15 12 15 1.0 
ee 122 ; 10.0 02 a P T2 27 23 20 1.0 (b) 
T61 41 30 40 (e) (b) 
142 40 15 T21 27 23 1.0 (b) 
pie T61 41 32 40 20 (b) 
195 45 T4 32 29 16 13 85 6.0 
Ta T6 36 32 24 20 5.0 3.0 
ae T62 40 6 34 28 15 (b) 
B214 : 38 18 20 17 13 10 2.0 (b) 
220 16 vs 10.0 , ™ T4 46 42 25 22 14.0 12.0 
ae 319 18 3.5 ed 6.0 wind F 27 23 18 14 2.0 (b) 
k T6 36 31 24 20 2.0 15 
355 oe 13 05 5.0 hoa T51 28 25 23 18 15 (b) 
T6 35 32 25 20 3.0 20 
T61 39 36 35 1.0 (b) 
T7 38 35 36 05 ib) 
T71 35 30 29 22 15 (b) 
356 SGI0A QQ-A-O0la ............ 03 7.0 25 23 20 16 2.0 (b) 
| T6 33 20 24 20 35 3.0 
T7 34 31 2.0 (b) 
P<. T71 28 25 21 35 3.0 
05 F 35 32 25 20 5.0 20 
T6 35 20 4.0 
15 F 25 14 10 
T6 39 34 30 21 15 1.0 
TS 32 25 22 3.0 
eas 43 F 23 21 9 6 10.0 25 
F 21 7 10.0 2.0 
3 A106 b F 28 23 16 12 2.0 (b) 
cis 1 F 30 25 24 14 1.0 (b) 
ae 122 2 T551 37 30 35 (ce) (b) 
T65 48 40 36 (ec) (b) 
A132 2.5 Ni T551 36 31 28 05 (b) 
ie T65 47 40 43 0.5 (b) 
we D132 wan +T 08 Ni T5 36 31 28 1.0 (b) 
138 F 30 26 24 15 (b) 
ee 142 pe ; 2.0 Ni T571 40 34 34 1.0 (b) 
47 40 42 0.5 (b) 
B195 T4 27 33 19 15 9.0 4.0 
* T6 40 35 26 22 5.0 20 
hom es 39 33 20 16 45 3.0 ; 
A214 od 38 18 Zn 27 22 16 12 70 25 
B214 38 18 22 19 13 2.0 15 
3.5 6.0 F 27 26 19 15 2.0 (b) 
a3 Be 13 05 5.0 T51 20 27 24 2.0 (b) 
a T6 43 37 27 23 40 15 
a T71 36 34 31 27 3.0 
Me 0.3 70 ; T6 40 33 27 22 5.0 3.0 
Ae T7 33 29 24 5.0 40 
= Par 1.0 Ni T5 20 18 85 10.0 8.0 
3.0 35 ; 18 3.0 
85 SCS4A F 40 24 
218 GBA nas F 45 27 
360 F 41 23 
384 46 27 
7 
ae 
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Table Il. Dimensional Tolerances 


Tolerance for 
Dimensional Limits, in 


Casting Under Over 1 In., 
Process 1 In. Add per In. 
Across Parting Line 

Sand +0.015 

Permanent mold .+0.015 + 0.002 
Plaster mold..... +0.010 + 0.0015 
Shell mold .. 0.010 + 0.0012 
Centrifugal‘*) .*0.010"' +O0.001'*) 


Investment 


Between Points for One Part of Mold 


*+0.015 

—— 

Permanent mold .+0.015 + 0.001 
Plaster mold . . 0.005 + 0.0015 
Shell mold. *0.005 + 0.0012 
Centrifugal'*’ 20.010) 40.0010") 


and Mold 
Sand *0.015 
Die 
Permanent mold .*+0.015 + 0.002 
Plaster mold .....*0.010 + 0.0015 
Shell mold ° *0.010 + 0.0015 
Centrifugal‘*’ +0001'*) 


mensions under 2 in. (c) For dimensions 
over 2 in. (d) *0.005 in. min. (e) +0.010 in 
per in. min. (f) 20.005 in. min. (g) +0010 
in. per in. min. (h) *0.010 in. min. (i) 
+0.015 in. per in. min 


40 

§ 

investment 

© 2 3¢ Casting 

~ 

te | 

10 

§ 

| 
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70.002 20.004 70.006 *0008 
Variation of Dimension from Nominal Size, in 


Fig. 5. Distribution in Variation of 
Dimension of Casting from Dimen- 
sion of Pattern 
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Fig. 6. Effect of Tolerance for One 
Dimension on Rate of Rejection for 
Investment Castings 
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Part of Mold Between Core and Mold 


Dim. 


Fig. 7. Three Types of Dimensional Requirements Dim - - 


tained with high-volume permanent 
mold practice as compared with regular 
sand casting. The finished weight re- 
quirement of plus and minus 2 grams 
(total weight is 460 g) is obtained by 
machining more or less meta) from two 
integrally cast boss sections of about 
30 ¢ total weight, which are furnished 
for balancing by a variable depth of 
cut in final machining. This weight 
requirement imposes the necessity for 
much closer casting dimensions (+ 0.007 
in. on a 3-in. cored section) than are 
obtainable with regular sand castings 

If in addition to meeting dimensional! 
accuracy and low unit cost, the casting 
process also must provide intricate or 
complex die work and precise coring, 
then die casting would be selected. The 
transmission control valve shown in 
Fig. 10 is an example of the degree of 
complexity and dimensional accuracy 
that can be produced by die casting 
The close dimensional control, very low 
permissible draft, interlocking cores and 
general intricacy of this part preclude 
the use of permanent mold casting, or 
of any other process for large-volume 
production 

The reheat fuel pump (Pig. 11) is a 
production part for which investment 
casting was selected because dimen- 
sional tolerances could not be met by 
permanent mold casting. The passages 
of the inner casing must be within an 
as-cast tolerance of plus and minus 
0.003 in. because machining cannot be 
done in these areas. The areas of op- 
posite passages must be within 10% of 
each other, the impeller vanes must be 
smooth and the blade angle must be 
held to within plus and minus 2 deg. 
The only machining is on the outside 
diameter of the casting, for the purpose 
of fitting 

The surface finish of an as-cast cast- 
ing is directly dependent on the casting 
process used 

Usual methods of specifying surface 
finish as micro-inch roughness are un- 
satisfactory for cast surfaces, since 
they measure deviation of tool marks 
from a smooth condition on a ma- 
chined surface. A tentative specification 
for a cast surface comparator has been 
published recently by a technical com- 
mittee of the Aircraft Industries Asso- 
ciation. This comparator provides visual 
and touch comparison between produc- 
tion castings and the standard surfaces 
of the comparator (see Pig. 4 in the 
article on surface finish, page 83). The 
approximate micro-inch equivalents for 
the “C-number” designations of rough- 
ness are shown in Table IV 

Figure 12 depicts graphically the 
range of surface roughness on parts 
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Fig. 8. Minimum and Recommended 
Tolerances for Centrifugal Perma- 
nent Mold Castings 
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Table 111. 


Sand Castings 

Diameter of Cored Holes: Tolerance +0.030 in. If cored hole is 
to be used for clearance and a tolerance of +0.030 in. is neces- 
sary, hole should be ordered undersize and machined to 
tolerance. 

Location of Cored Holes: +0.050 in. approximate minimum for 
large volume acceptance (*+0.015 in. for precision sand cast- 
ings); can be obtained either by direct tolerance or by reducing 
hole size correspondingly. If more than one diameter is 
located from a common centerline, a concentricity tolerance 
for all diameters can be maintained within +0.030 in. (+0.015 
in, for precision sand method), except as noted under diameter 
of cored holes. A tolerance of +0.010 in. (commonly specified) 
cannot be met consistently 

Straightness: +0.030 in. per in. of length. Min *0.005 for pre- 
cision sand castings 

Allowance for Machining: 0,070 in.; on long, thin castings allow- 
ance should be increased to 0.125 in. 

Paralielism: Same as under Straightness 


Permanent Mold Castings 
Maximum Length of Core Supported at One End: 10 x diam of 
core 
Draft on Outer Surfaces: 1 deg min, 3 deg preferred 
Draft in Recesses: 2 deg min, 5 deg preferred 
Draft on Cores: '» deg min, 2 deg preferred 
Diameter of Core: ‘4 in. min 
Allowance for Machining: 1/32 in. min for castings up to 10 in. 
long, 3/64 in. desirable; 3/64 in. min for castings over 10 in. 
long, 1/16 in, desirable; 1/16 in. for surfaces formed by sand 
cores. 
Minimum Radius of Fillet: Average thickness of joining walls 
Straightness: 0.010 in, to 6 in., plus 0.0012 in. per in. of length 
up to 36 in. 
Die Castings 
Draft on Outside Surface: '4 deg min 
Draft in Cored Holes: 0.020 in. per in. of depth for 1/10 to % in. 


Dimensional Limits and Tolerances for Aluminum Castings Produced by Different Processes 


diam; 0.016 in. per in. of depth for ‘4 to *4 in. diam; 0.012 in. 
per in. of depth for % to 1 in. diam; 0.012 in. per in. of depth 
plus 0.002 in. per in. of diam for diameters over 1 in. 


Plaster Mold Castings 

Maximum Length of Core Supported at One End: 5 x diam of 
core 

Draft on Cores: Zero draft often permissible, ', deg min, other- 
wise, with 2 deg preferred 

Diameter of Core: ‘4 in. min 

Minimum Radius of Fillet: Sharp corners can be cast 

Flatness: 0.0015 in. per in. of length 


Shell Mold Castings 
Draft on Outside Surfaces: ', deg min, 2 deg preferred 
Straightness: 0.002 in. per in. of length 


Investment Castings 
Maximum Length of Core Supported at One End: 5 x diam of 
core (on some parts 10 diam) 
Location of Cored Hole: 0.004 in. per in. of dimension 
Concentricity: 0.002 in. per in 
Straightness: 0.005 in. per in. of length 


Centrifugal Permanent Mold Castings 

Diameter of Core: % in. min 

Draft on Core: '; deg min for 1 » diam of core, 1'2 deg pre- 
ferred; 1 deg min for 2 x diam, 2 deg preferred; 1'2 deg for 
» 2 » diam, 3 deg preferred 

Contour Surfaces: 0.005 in. min for surfaces up to 2 in. long, 
0.010 in. preferred; 0.010 in. min for surfaces over 2 in. long; 
0.001 in. for each additional inch, 0.030 in. max 

Minimum Radius of Fillet: 0.005 in., fillet radius equal to web 
thickness preferred 

Angularity: 0°5’ per in. up to 1 in.; 
tional inch to 30’ max 


0°S’ per in. for each addi- 


Fig. 9. Piston for Automotive Engine 

Produced as a Permanent Mold 

Casting to Casting Dimensions 

Closer than Can Be Obtained in 
Sand Casting 


Fig. 10. Transmission Control Valve 
Body. The close dimensional con- 
trol, very low permissible draft, 
interlocking cores and general in- 
tricacy virtually preclude the use of 
any process but die casting for 
volume production of this part. 
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produced by each of the casting proc- 
esses. The surfaces on dies and metal 
molds eventually deteriorate from con- 
tact with the hot metal. This deteriora- 
tion, commonly called “heat checking”, 
results in the formation of fine cracks 
into which the metal is forced during 
casting and, as a consequence, the sur- 
face of the casting will have a network 
of threadlike ridges. Use of dies is lim- 
ited to about 50,000 castings before 
redressing; beyond this amount the dies 
are likely to cause surface imperfec- 
tions. The valve body shown in Fig. 13 
was die cast because the inner surface 
must be free from the surface rough- 
ness normally associated with sand 
castings, and flat within 0.0005 in. over 
the shaded area. 


Foundry Characteristics 


Although similar foundry techniques 
are used for all aluminum casting al- 
loys, as compared with magnesium, 
steel and bronze, still each alloy has 
melting and casting peculiarities of its 
own. Therefore, a foundry which usu- 
ally casts alloy 43 will not know all of 
the detailed variations that must be 
incorporated into the casting tech- 
niques for alloy 220 

Besides these fundamental technical 


Table [V. Roughness Designations for 
Cast Surfaces 


Approximate 
Rms Micro-Inch 
C-Number Equivalent 
C20 
. 
c70 
CBO 


| 


Fig. 11. Inner Casing of a Reheat 
Fuel Pump Made as an Investment 
Casting Because Dimensional Tol- 
erance of Plus and Minus 0.003 In., 
As Cast, Could Not Be Met by Per- 
manent Mold Casting 


ning mparator Number 
x 7) 


Similar Roughness Value, micro - 


Fig. 12. Surface Finish Ranges Pro- 
duced by Various Casting Processes 
and the Micro-Inch Equivalents 


- = 

/ 

/ 


difficulties, there are also secondary 
practical considerations that affect 
price. These include the necessity for 
capital investment in spare furnaces to 
melt “special alloys”, large inventories 
of little used remelt ingots, and house- 
keeping to prevent contamination dur- 
ing melting, casting and remelting of 
factory scrap. 

Thus despite a sizable difference in 
prices of the various casting alloys (for 
example, 1%¢ per lb between alloy 113 
and the more expensive A108), these 
differences generally disappear through 
differences that exist in processing costs 
because of individual foundry tech- 
niques and standardization with given 
alloys. It is not unusual for foundries 
that have standardized their processing 
for at most two or three alloys to save 
more by this means than the difference 
in metal cost. Also, because of design 
requirements, certain alloys might be 
more desirable for their strength prop- 
erties even though the casting proper- 
ties are inferior, and the knowledge 
needed to produce sound castings from 
such alloys could be a valuable asset. 
However, the quantity of parts to be 
made, the standards of quality that 
must be met, and the tolerances re- 
quired generally have more effect, sin- 
gly or in combination, on the cost of 
the part, than does alloy selection. For 
this reason, the engineer has a range 
of choice wider than might be generally 
believed, in regard to alloys suitable 
for.a particular process, without in- 
creasing the cost of processing. 


Cost Analysis 


The relation of various cost factors 
may be illustrated by considering the 
cost of an aluminum permanent mold 
casting. 

Three phases of the process are of 
principal importance in determining 
costs in the foundry: metal handling, 
mold design and operation, and han- 
dling of the finished castings. Although 
all three are correlative and present in 
all types of foundries, it is particularly 
in the design and operation phases that 
the permanent mold process can be ad- 
justed to reduce the cost of the cast 
product 

The three phases can be restated in 
terms of the following seven factors: 

1 Cost of molten meta! 

2 Labor for mold operation 
overhead burden) 

Casting yield at mold 

Trim and cleanup 

Special treatments and tests (heat 
treating, pressure tests for leakage and 
similar requirements) 
Miscellaneous (inspection, 
ing, packing) 

Foundry scrap 

Cost of Molten Metal depends on the 
melting practice. Three basic practices 


(includes 


straighten- 


~ 


A | 
4 } _ 
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Fig. 13. Valve Body Made o 


Finish Tolerance Could Not Be Met with a Permanen 


Alloy 380 as a Die Castin 


are employed in permanent mold found- 
ries: (1) foundry melting of metal 
purchased under the specified alloy 
type; (2) foundry alloying of purchased 
commercially pure aluminum to the 
specified alloy type; (3) foundry melt- 
ing of purchased scrap with neces- 
sary refining and alloying (also remelt- 
ing of their own rejected castings and 
scrapped gates and risers) 

The first method, which is the most 


- y 


A 


2 Liz 
CO 
ventional Pre sor 
Fig. 14. Part Redesigned from a 
Conventional Sand Casting to a 
Precision Sand Casting. Savings in 


cost of machining more than offset 
the increased cost of casting 


Table VI. Minimum Section Thickness 
for Aluminum Castings Produced by 
Different Processes 


Section 
Thickness, in 


For 
Length of 


Sand Castings 


Under 3 in. 
5/32 3 to 6 in. 
3/16 Over 6 in. 
Permanent Mold Castings 
0.100 Under 3 in, 
3 to 6 in 
0.160 Over 6 in 
Die Castings 

0.050 Small parts 
0.080 


Large parts 


Plaster Mold Castings 


1/16 3 in. or leas 
3/32 3 to 6 in. 
1/8 Over 6 in 
Shell Mold Castings 
1/16 Under ', in 
3/32 '» to 3 in 
1/8 3 to 6 in 
5/32 Over 6 in 


Precision Sand Castings 


0.080 Under 3 in. 
0.100 3 to 6 in 
0.100 Over 6 in. 
Investment Castings 

0.035 ', in 

0.060 2 in. or leas 
0.090 2 to 4 in 
0.125 4 to 8 in 
0.150 Over 8 in, 


Centrifugal Permanent Mold Castings 


0.070 in. for up to 4 sq in 
0.080 for 5 to 10 sq in., 0.090 for 11 to 20, 
0.100 for 21 to 30, 0.110 for 31 to 70, 0.120 
for 71 to 100, and 0.156 in. for over 100 sq 
in. per casting. See also Fig 


per casting, 


Because Surface 
Mold Casting 


Table V. Cost Analysis for Two Alumi- 
num Permanent Mold Castings of 319 
Alloy from the Same Foundry 


Cost Factor Examplel Example 2 
Total cost of molten 

metal 86.0" 41.2% 
Labor for mold 

operation 77 30.5 
Casting yield at mold 2.7 32 
Trim and cleanup 19 16.0 
Special operations 0 0 
Miscellaneous 13 34 
Foundry scrap ... 04 5.7 

100.0 100.0 


widely used, is considered here. The 
relative weight of the items constitut- 
ing the cost of molten metal in the 
ladie ready for pouring may be sum- 
marized as follows, for this method: 


Purchased alloy charge 92.3% 
Melting costs 3.1 
Melting loss 45 
Additives 
100.0 
Cost of purchased alloy will vary 
with alloy type, source and market 


fluctuation. Melting costs, based on the 
use of a central] breakdown furnace and 
transfer to holding furnaces, includes 
fuel, labor and maintenance. Melting 
loss, usually of the order of 5%, covers 
the loss of metal through oxidation 
Irrecoverable scrap is also included in 
this figure. Additives include flux, grain 
refiners, or other special treatments 
that are needed for the particular alloy 
chosen 

Labor for Mold Operation refers to 
the mold operator, who may also pour 
the casting. This term includes, in gen- 
eral, all of the labor—molding, core 
making and shakeout—-needed to con- 
vert the molten metal to a rough cast- 
ing. Good management and the use of 
automation can keep this cost at a 
minimum 

Casting Yield at the Mold is the ratio 
of pounds of salable castings to pounds 
of metal poured. It is, of course, related 
closely to part geometry and mold de- 
sign. However, its effect is so great on 
the length of the casting cycle and on 
the amount of trim and cleaning, as 
well as on the over-all cost of melted 
metal, that it is included as a separate 
item in cost analysis. For example, 
yields have been observed from 30 to 
85% in permanent mold foundries, 
which indicates excessive variation in 
types of gating design 

Trim and Cleanup costs are impor- 
tant factors in the final cost of castings 
Large benefits can result from wise 
choice of trim dies and automatic 
cleaning equipment but the greatest 
saving can be made by reducing trim 
and cleaning costs through careful se- 
lection of gating design 

Special Cost Factors, such as heat 
treatment, pressure tests and special in- 
spection and test methods, may have 
important effects. Each of these items 
may double or triple the cost of raw 
castings. The engineer must be careful 
to specify only those controls necessary 
to produce a usable quality part. These 
requirements must be limited, particu- 
larly in the high-volume field 

Miscellaneous items include routine 
inspection and preparation for ship- 
ment, as well as straightening, which, 
when required, is often a part of the in- 
spection operation 

Foundry Scrap indicates the over-all 
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knowledge of the engineer, the con- 
sideration given to designing a castable 
part, and the efficiency of the foundry 
operation and control. Foundry control 
should be applied to all operations and 
it should be a part of supervision over- 
head and not something applied to a 
certain job to get out of trouble. Scrap 
rates in excess of 5% should be scruti- 
nized carefully 

In many instances not enough atten- 
tion is given to the possibilities for 
mechanization; manual operation of 
the mold may result in a requirement 
of several men per mold or, at best, low 
production per man-hour. If the same 
amount of automation utilized in die 
casting can be applied to permanent 
molds, considerable economic benefits 
can be realized. 

The effect of these cost factors is 
summarized in Table V for two produc- 
tion castings of 319 alloy from the same 
foundry. The choice of alloy type, once 
the basic price effect is recognized, 
should not enter as an important eco- 
nomic factor in the permanent mold 
foundry; every satisfactory design per- 
mits utilization of a satisfactory alloy— 
that is, one that has the necessary 
foundry requirements. Any other basis 
admits to error on the part of either 
consumer design or foundry practice. 
Quantity is important in most problems 
of selection and is the basis on which 
price of the cast part and amortization 
of the die and tooling investment are 
determined. 

An example of the importance of ma- 
chining costs is the part made by con- 
ventional sand casting shown in Fig. 14. 
Although the castings cost only 25¢ 
each, machining cost was $3.75, or a 
total of $4.00 for the finished part. The 
part was redesigned for precision sand 
casting, as shown in the right-hand 
view in Fig. 14, and even though the 
casting cost increased to 75¢ each, ma- 
chining cost was decreased to 30¢, thus 
reducing the total cost to $1.05—a sav- 
ing of $2.95 per part. Smaller savings 
are often obtained by decreasing ma- 
chining operations as a result of coring 
and close tolerances in the permanent 
mold and die casting processes. 


Shop Practices 


The review of cost considerations 
shows how difficult and possibly mis- 
leading it would be to compile a list 
indicating the comparative rejection 
rates that might be expected from the 
various casting alloys. The reasons for 
a high rejection rate for a particular 
alloy in one shop, as compared with 
that same alloy in another shop, may 
be problems other than the inherent 
characteristics of the alloy itself. 

Individual shop practices will vary 
far more than the foundry properties 
of the various alloys as long as each 
alloy falls within established chemical 
specification limits. Poor foundry prac- 
tice can cause high rejection rates even 
with alloys that normally give little 
casting trouble. The quantity of parts 
to be made, the standards of quality to 
be met, the tolerances required and 
probably the foundry casting the parts 
have more effect on rejections and cost 
than does alloy selection. 


Design Considerations 
Knowledge of the casting processes 


and their limitations is necessary to 
prevent specifying casting methods and 
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features that exceed the process limita- casting economics. However, the prac- 
tions. For example, the limitations with  ticable minimum wall thickness is gov- 
regard to minimum section thickness erned by the necessity for filling the 
might overrule a selection made tenta- mold or die and varies to some degree 
tively on the basis of cost, or conversely with the casting process. The general 
it could insure that the part is designed limits for the different casting processes 
to meet this or other limitations of the are given in Table VI. 
process. Also, expensive and perhaps Sections considerably thinner than 
unnecessary details of design can be those listed in Table VI can be pro- 
modified to permit conventional and duced if the casting is of a shape that 
economical manufacture. permits good flow of metal. Two exam- 
Thin walls (within the limits of ples of parts of this kind (and of the 
strength requirements) are dictated by processes chosen to produce them) are 


Table VII. Static Design Values for Aluminum Casting Alloys 


Tensile Tensile Compressive Shear 
Ultimate Yield Yield Ultimate 
Alloy (F,,) (Fry) (Fey) (F,..) 
Sand Casting Alloys 
40E-T5 . 32,000( a) 27,000(a) 
43 . 17,000(d) 6,000(c) 7,000(c) 11,000(c) 
108-F 19,000(d) 12,000(c) 13,000(c¢) 15,000(c) 
113-F 19,000(d) 10,000(c) 11,000(c) 15,000(c) 
122-T61 ; . 80,0001d) 29,000(c) 31,000(c) 21,000(c) 
142-T2 .. 23,000(d) 14,000(c) 14,000(c) 16,000(c) 
142-T571 29,000(d) 27,000(¢) 30,000(c) 23,000(c) 
195-T4 sau 29,000(a) 13,000(a) 14,000(a) 22,000( a) 
195-T6 . 32,000( a) 20,000(a) 21,000/(a) 24,000(a) 
195-T62 . 36,000(d) 30,000(c) 32,000(c) 28,000(c) 
214-F 22,000(d) 9,000(c) 9,000(c) 15,000(c) 
220-T4 42,000(a) 22,000(a) 23,000(a) 30,000( a) 
319-F 23,000(d) 14,000(c) 15,000(c) 18,000(c) 
319-T6 . 31,000(d) 19,000(c) 20,000(c) 24,000(c) 
355-T51 26,000(d) 20,000(c) 21,000/c) 19,000(c) 
teens . 82,0001d) 20,000(d) 21,000(c) 23,000(c) 
355-T7 . 85,000(d) 33,000(c) 35,0001 25,000(c¢) 
355-T71 30,0001 d) 24,000(c) 25,000(c) 21,000(c) 
356-T51 . 23,000(d) 18,000(¢) 19,000(¢) 18,000(c) 
20,000( a) 20,000( a) 25,000(a) 
Permanent Mold Casting Alloys 
21,000/e) 7,000(c) 7,000(c) 13,000(c) 
. 24,000(e) 12,000(c) 13,000(c¢) 18,0001 c) 
113-F .. 24,000(e) 15,000(c) 16,000(c¢) 18,000(c) 
122-T551 bea 30,000(e) 28,000(c) 33,000(¢) 23 ,000(c) 
122-T65 .... > 40,000(e) 28,000(c) 28,000(c) 28,000(c) 
A132-T551 . $1,000(e) 23,000(c¢) 23,000/¢) 23,000(c) 
A132-T65 . 40,000/(e) 36,000(c) 36,000(c) 29,000(c) 
34,000(e) 28,000(c) 28,000(c) 24,000(c) 
142-T6! 40,000(e) 35,000(c) 37,000(c) 28,000(c) 
33,000( a) 20,000( a) 20,000( a) 25,000( a) 
B195-T6 35,000(a) 22,000(a) 22,000(a) 26,000(a) 
B195-T7 33,000(e) 14,000(c) 14,000(c) 24,000(c) 
355-T6 37,0001 a) 23,000/ a) 23,000(a) 26,000(a) 
355-TS51 . 27,000(e) 22,0001c) 23,000(c) 21,000(c) 
42,000(e) 37,000(c) 37,000(c) 33,000(c) 
355-T71 34,0001) 29,000(c) 29,000(c) 25,000(c) 
356-T6 22,000(a) 22,000(a) 25,000(a) 
356-T7 29,000(e) 20,000(c) 20,000(c¢) 21,000(c) 
Die Casting Alloys (Typical)‘'’ 

13 37,000 19,000 23,000 
13X 35,000 
43 30,000 16,000 19,000 
85 ‘ . 88,000 22,000 24,000 
218 ‘ 41,000 23,000 23,000 
360 . 43,000 26,000 27,000 
A380 : 41,000 20,000 24,000 
380 43,000 24,000 27,000 


(a) Specified in Government publication ANC-5. (b) Specified in Federal specification 
QQ-A-501. (c) Typical commercial value minus safety factor. (d) Specified in Federal 
specification QQ-A-601. (e) Specified in Federal specification QQ-A-596. (f) Typical 
properties, rather than design minimums, determined from separately cast test bars. 
Since rate of cooling has a strong effect on mechanical properties of aluminum die 
castings, actual properties can be determined only with test bars machined from a 
particular casting. Values obtained from Federal specification QQ-A-591 and other sources. 
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Table VIII. 


Section 
Thickness, 
in 


Up to '4 
to ', 
9/16 to 1 
1-1/16 to 2 


Specified 
Typical 


9/16 to 1 
1-1/16 to 2... 


Specified 
Typical 


Up to 3/16 
3/16 to 'y 
9/16 to 1 


Specified 
Typical 


Thickness 
of Casting, 
in 


sto 
4 to 
» to %% 
to 


Under 
i 
! 


Nominal 


Under 
to '4 
4 to % 
to 


4 to 1 


Minimum 
Nominal 


Inder 


Minimum 
Nominal 


Thickness 
of Casting, 
in 


0 to 0.124 

0.125 to 0.249 
0.250 to 0.499 
0.500 to 0.749 
0.750 to 1.000 


0 to 0.124 

0.125 to 0.249 
0.250 to 0.499 
0.500 to 0.749 
0.750 to 1.000 
1.001 to 1.500 


Tensile Strength 


Number Average 


ot Tests Value, psi 


437 31,900 
1562 32,400 
1496 31,500 

328 30,500 


minimums. ..42,000 
values . 46,000 


— 30 600 
452 29,100 
152 32,400 

41 24,900 


minimums. . .30,000 
values 33,000 


16 33,700 
107 33,000 
45 32,700 


minimums 33,000 
values 40,000 


Ratio to 
Minimum 


Number 
of Tests 


Sand Cast Alloy 


15 
343 
43 
28 


Yield Strength 


Average 
Value, psi 


Average Tensile Properties of Specimens Machined from Aluminum Alloy Castings of Various Thicknesses 


Elongation 


Ratio to Number Average Ratio to 


Minimum, 


220-T4 
25,100 
25,600 117 
25,100 114 
24.400 111 


in separately cast specimens 22,000 
in separately cast specimens 25,000 


102 
97 
108 
83 


270 
123 


Sand Cast Alloy 356-T6 


24,000 
23,200 
22,400 


in separately cast specimens 20,000 
in separately cast specimens 24,000 


102 
100 
99 


16 
107 
45 


Permanent Mold Cast Alloy 356-T6 


26,200 
26.000 
27,700 


in separately cast specimens 22,000 
in separately cast specimens 27,000 


Tensile 
Strength, 
psi 


Sand Cast Alloy 195-T6 


Minimum 


37,500 
37,000 
37,000 
35,500 
32,000 
32,000 
36,000 


Sand Cast Alloy 355-T6 


36 500 
36,000 
36,000 
35,500 
33,000 
32,000 
35,500 


Sand Cast Alloy 356-T6 


37,000 
35,500 
34,000 
32,500 
31,000 
30,000 
33,500 


Tensile 
Strength, 


psi 


Table IX. Typical Tensile Properties of Test Bars Cut from Castings 


Yield 
Strength, 
psi 


27,500 
27,000 
26.500 
25.250 
24,500 
20,000 
27,000 


26,000 
25,750 
25,500 
25,000 
23,000 


20,000 
25,500 


25,500 
24.500 
23,500 
22,500 
21,500 
20,000 
24,500 


Table X. Tensile Properties for Castings of Alloy 356-T6 


Yield 
Strength, 
psi 


Tentative Minimum Requirements of ARTC 
for Castings Made by Any Process'* 


36,000 
34,500 
33,000 
21,500 
30,000 


24,000 
23,000 
22,000 
21,000 
20,000 


Typical Values for Permanent Mold Castings’ 


43,000 
42,000 
40,000 
37,000 
37,000 
36,000 


31,000 
30,000 
30,000 
29,000 
28 000 
28,000 


(a) Issued by the Aircraft Technical Committee, Aircraft Industries Assoc 
ARTC-10. (b) Based on tests by user of standard specification alloys for aircraft castings 


are of Tests Value, % Minimum, ‘*)% 


67 56 
1562 68 57 
1495 64 53 

328 59 49 


in separately cast specimens 12.0 


in separately cast specimens 14.0 


120 152 33 109 

116 452 33 109 

112 152 30 100 

41 45 
in separately cast specimens 30 
in separately cast specimens 35 


119 
118 
126 


16 35 117 
107 4a 160 
45 


in separately cast specimens 40 


(a) Ratio of average properties for specimens machined from castings to specified minimum properties of separately cast specimens 


Elongation 
in 4 Diam, 


40 


(a) Requirements specified in Air Force-Navy-Civil Aeronautics Publication ANC-5 
(b) Requirements specified in Federal specification QQ-A-601 


Elongation 
in 2 In., 


in report 


in separately cast specimens 3.5 


shown in Pig. 15 and 16. The casting in 
Fig. 15, produced as a precision sand 
casting, is a production item having a 
wall thickness of 0.060 in. This is an 
extremely thin-walled casting; wall 
thicknesses of 1/8 to 1/10 in. are more 
common for castings made by this 
method. The 2's-in. diam plunger 
guide shown in Fig. 16, made by die 
casting A380 alloy, also has section 
thicknesses of 0.050 in. Walls in this 
thickness range can be produced in die 
castings that are less than about 6 by 
6 in. over all 

In the permanent mold process, mini- 
mum section thicknesses of 0.060 to 
0.090 in. can be produced in some small 
castings. The section sizes given in 
Table VI are more normal. Over-all di- 
mensional limits and tolerances for the 
various casting processes are given in 
Tables II and 

Surface Smoothness of the casting 
may be necessary but it influences cast- 
ing efficiency, and the process deserves 
consideration in this respect. For ex- 
ample, some roughness on the die sur- 
face, in die casting, improves metal 
flow; a polished die surface often is 
troublesome until it is broken in. Good 
gating practice for certain areas re- 
quires some roughness in the feed gates 

The major factor determining surface 
roughness on parts cast in sand is the 
fineness of the molding sand. The range 
given in Fig. 12 for surface roughness 
on normal sand castings does not in- 
clude the available limit of 250 micro- 
in. and less on fine sand castings. How- 
ever, such refinement of surface should 
not be specified unless there is justifica- 
tion for the additional cost 

The smoothest surfaces produced by 
conventional methods are those made 
from metal molds. Permanent mold 
casting employing sand cores, generally 
termed semipermanent mold casting, 
and centrifugal casting with sand 
molds produce surfaces typical of the 
smoother finishes obtained on a conven- 
tional sand casting. The sand used in 
shell molds is generally finer than for 
the other sand casting methods. Pro- 
duction parts, shell molded, have a 
surface finish comparable to 100 to 375 
micro-in. (Pig. 12). For instance, an air 
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76 
77 
75 
73 
to 
| 
40 
40 
‘ 30 
3.0 
5.0 
40 
35 
35 
|| ‘0 
ban 40 
5.0 
to % Terre 45 
14 to 14 40 
% to %.... ‘ 35 
= 
|__| | 
5.0 
én 45 
40 
35 
30 
60 
50 
40 
20 
24 
1.25 


Source of 
Sample 


As-cast test bar 


As-cast test bar 


As-cast test bar 


Machined from %4-in. round 
Machined from 1'4-in. round 
Machined from 1%4-in. round 
Machined from 2'4-in. round........ 


Machined from %-in. round 
Machined from 1'4-in. round 
Machined from 1%4-in. reund 
Machined from 2'4-in. round 


Machined from *4-in. round..... 
Machined from 1'4-in. 
Machined frem 1%4-in. round 
Machined from 2'4-in. round 


Alloy 356-T6 


Tensile 02% Yield Elon- 


Alloy 355-16 


Alloy 355-T51 


Table XI. Comparison of Average Tensile Properties for As-Cast Test Bars and 
Castings of Various Diameters 


Specimens Machined from Cylindrical 


| Tensile 02% Yield Elon- 
Strength, Strength, gation, | Source of Strength, Strength, gation, 
psi psi N | Sample psi psi e 
Alloy 356-T51 
27,100 13 As-cast test bar............ i 27,200 pa 16 
27,300 24,600 10 | Machined from %4-in. round 21,900 16,700 15 
22,000 20,300 10 Machined from 1'%4-in. round 17,150 13,450 13 
19,100 18,800 P Machined from 1%4-in. round.. 14,400 12,700 12 
18,100 17,700 10 
Alloy 195-T6 
As-cast test bar 39,800 22,300 64 
$3 =| Machined from %-in. round 29.100 16.800 5.0 
29,000 23,000 17 
9a ¢ 4 | Machined from 1'4-in. round 29,300 19,900 43 
26 900 22,200 10 
a4 4 Machined from 1%4-in. round 22,600 17,200 23 
23,200 20,800 10 Machined from 2'4-in. round 22,100 18,100 25 
Alloy 195-T51 
34,100 24,300 48 As-cast test bar 24,400 6.1 
28 300 23,000 20 Machined from %4-in. round 20,300 9,300 5.5 
23,000 22,500 10 Machined from 1'4-in. round.. 18,200 9,800 3.2 
19,400 0.7 Machined from 1%4-in. round........ 15,900 10,000 23 
15,100 05 Machined from 2%44-in. round........ 13,900 10,500 10 


Specimen 
Location 


Fuel injector pad...... 
Firewall flange . 

Air seal pad... 
Trunnion pad.. 

Stud ring flange 
Forward flange 
Bearing flange 


Specimen 
Location 


ozr=30 


Section 


Tensile 


| 


Temperature 
of Test, 


deg 


Fahr 


Tensile 
Strength, 
psi 


Specimens Tested at 70 F 


25,200 
27,900 
24,875 
23,350 
24,125 
23,050 


15,400 
17,150 
14,050 
13,400 
14,625 
13,850 


11,650 
11,700 
11,450 
10,900 
10,800 
11,350 


Specimens Tested at 450 F 


Specimens Tested at 600 F 


Thickness, Strength, Elonga- a Front View 
in psi tion, % of Part 
iy 21,333 29 
22,107 15 
19,164 28 
% 19,845 16 
1 19,412 16 
1 19,208 18 
1 19,658 16 
1% 18,380 16 


Yield Strength Elongation, 
(02% Offset), in 2 In., 
psi 


21,700 10 
23,600 15 
22,400 1.0 
22,300 10 
22,650 10 
21,450 10 


9,000 12.0 
8,600 13.0 
9,375 70 
8,750 6.0 
8,950 70 
8,650 5.5 


6,500 33.0 
6,900 58.0 
6.850 35.0 
6,700 410 
6,400 46.0 
6,500 39.0 


See Fig. 20 for scatter in tensile properties at room temperature for this alloy. 


Specimen Loeations on—— 


Baek View 


f 


of 


art 


36 


Specimen 
Locations 


Alloy 100 hr 

32,500 
XA140-T2 35,000 
RR 250-T6 ............. 22,000 
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1000 hr 


28,000 
25,000 
28,000 
30,000 
20,000 
17,500 


100 hr 


Rupture Strength, psi 


400 F 
1000 hr 100 hr 
11,200 ees 
15,000 10,000 
18,000 14,000 
22,000 16,000 
16,000 11,000 
12,000 8,800 


For standard test bars, separately cast 


Table XIV. Creep-Rupture Properties of Some Aluminum Casting Alloys 


39.75 in 


Table XII. Tensile Properties of Specimens Cut from Different Parts of a Rear-Frame Jet Engine Casting (AMoy 355-T51) 


Table XIII, Short-Time Tensile Properties of Specimens Cut from a Jet Engine Compressor Casting (Alloy 355-T71) 


— 
‘ 
\ 
/ 
th 
aie 
- 300 F —— OF 600 F . 
1000 hr 100 hr 1000 hr 
one 6,700 2,300 
18,000 7,000 4,350 2,500 
22,000 12,500 9,400 6,400 
; 25,000 11,500 5,700 2,700 
ot 20,000 8,000 5,000 3,500 
pes 15,000 6,800 4,200 2,600 


intake diffuser for which the surface 
roughness requirements are 200 micro- 
in. max, is cast consistently with a 
roughness of 120 micro-in. by the shell 
molding process. 

The surface finish on all investment 
castings is determined primarily by the 
surface finish of the pattern tools and 
patterns. Investment castings usually 
are substantially less precise or smooth 
than the expendable patterns (wax 
and plastic), due to casting imperfec- 
tions. No amount of subsequent care in 
foundry practice, except surface finish- 
ing, will produce a smoother surface on 
the castings (as cast) than that ini- 
tially imparted to the wax or plastic 
pattern by the pattern dies. However, 
pits and other surface irregularities 
arising from cracks, shift, chips or 
other investment flaws that affect the 
quality of the surface can be minimized 
by careful foundry technique. Invest- 
ment casting was selected for producing 
the part shown in Fig. 17, in order to 
meet a requirement of C-30 (approx 
125 micro-in.) surface roughness. 


Mechanical Properties 


The mechanical properties of cast 
test coupons are widely used as an indi- 
cation of metal quality. Some data 
on mechanical properties (particularly 
yield strength) are nearly always re- 
quired in design. For these reasons, 
greater efforts have been involved in 
the quantitative determination of me- 
chanical properties than in research on 
any other characteristic of aluminum 
casting alloys. 


Fig. 15. Production Precision Sand 
Casting with Wall Thickness of 
0.050 In. 


Fig. 16. Plunger Guide Made of 380 
for Which Die Casting Was Selected 
Because Sections Had to Be Thinner 
than Could Be Coot in a Permanent 


Fig. 17. Investment Cast Part Which 
Would Not Have Been Satisfactory 
as a Sand Casting Because of Sur- 
face Finish Requirement of C-30 


Fig. 
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Table XV. Creep-Rupture Properties 


Stress to Cause Rupture in 1000 Hr 
At 300 F, At 400 F, 
Alloy psi 


Table XVI. Short-Time Tensile Properties of Specimens Cut from a 


Jet Engine Compressor Casting (Alloy 355-T71) 


Elongation Temperature Tensile E‘ongation 
in 2 In of Test, Strength, in 2 In., 
Te | deg Fahr psi % 


Temperature Tensile 
of Test, Strength 
deg Fahr i 

Sand Castings 


10,500 


20,000 
20,500 
17,000 
20,000 


19,500 


12,000 
15,500 
6.500 
6,500 


Permanent Mold Castings 


D142-T5 
B195-T6 
355-T62 

Representative 
too few to 


establish the 


27,000 
21,000 
29,000 
values; 


test 
normal 


16,500 
12,000 
12,000 


data are 
range, 


Cast Test Bars 


| Left Flange, 2-In. Section 


70 
200 
450 


33,600 
31,750 
22,700 


Top Flange, 2-In. Section 


70 
200 
450 


Kottom Flange, 


70 
200 
450 


. 27,650 
. 27,800 


. 21,500 


. 24,400 


2-In. Section 


Semicylindrical casting of 15-in 


0.25 
0.25 


70 25,609 


200 28 
450 21 


300 
125 


0.25 
0.25 
0.75 


Right Flange, 2-In. Section 
70 26,500 


0.25 


0.75 450 


1.00 70 
0.50 200 
1.75 450 


radius, 30-in. length and flanged on all four edges 


200 28,250 


21,970 


28,000 
26.050 
20,500 


Body, 1-In. Section 


0.25 
0.75 


0.25 
0.25 
0.75 


Table XVII. Short-Time Tensile Properties of Some Aluminum Casting Alloys at Elevated Temperature 


Testing 
Temper- 


Measured at the Elevated Temperature 


Measured at Room Temperature Indicated ‘* 


Specimen 
Condition'*’ 


As heat treated 
Aged 100 hr, 300 
Aged 100 hr, 400 
Aged 100 hr, 500 
Aged 100 hr, 600 


As heat treated 
Aged 100 hr, 300 
Aged 100 hr, 400 
Aged 100 hr, 500 
Aged 100 hr, 600 


As heat treated 
Aged 100 hr, 300 
Aged 100 hr, 400 
Aged 100 hr, 500 
Aged 100 hr, 600 


As heat treated 
Aged 100 hr, 300 
Aged 100 hr, 400 
Aged 100 hr, 500 
Aged 100 hr, 600 


As heat treated 
Aged 100 hr, 300 
Aged 100 hr, 400 
Aged 100 hr, 500 
Aged 100 hr, 600 


As heat treated 
Aged 100 hr, 400 
Aged 100 hr, 500 
Aged 100 hr, 600 

(a) All 


Modulus, 
10° psi 


95 

949 
7.93 
8.72 
5.35 


9 64 
9.0 
8.77 
6.07 
48 


95 
10.5 
10.5 

98 

98 


Alloy ML-142-T6 (4% Cu, 2% Mg, 2% 


10.5 
10.5 
10.5 
90 
6.0 


10.5 
10.0 
10.0 
9.0 
88 


specimens tested at elevated 


Tensile 
Strength, psi Strength, psi in 2 In., 


28,795 
27,000 
26,067 
23,420 
20,125 


36 465 
40,500 
41,000 
24,400 
23,950 


38,550 
44,600 
36,570 
25,910 
22,630 


41,000 
43,250 
37,950 
36 620 
30,150 


48,000 
47,190 
40,800 
32,830 
26,500 


28,400 
25,700 
33,300 
31,300 


Yield 


Modulus 
10° psi 


Tensile 
Strength,, 


Elongation ature 


deg Fahr 


Alloy 355-T51 
23,340 16 
23,570 18 300 8.2 
21,607 15 400 9.36 
12,907 33 500 6.40 
10,050 42 600 45 


24,500 
21,400 
12,620 

7,970 


Alloy 355-T6 
33,940 2.0 
37,500 20 300 9.34 
38,775 05 400 93 
13,500 5.0 500 5.35 
9,175 73 600 46 


41,325 
32,030 
13,380 

7,345 


Alloy A%355-T6 
29,900 15 
41,270 0 300 103 
32,080 0.7 400 91 
13,860 30 500 10.3 
11,720 27 600 63 


40,680 
29,570 
14,060 

9,000 


Ni, 6.1% Ti, 0.3% Cr, 0.03% V) 
37,600 10 

38,850 0 300 99 

37,100 0 400 98 

27,100 05 500 77 

20,900 10 600 63 


40,800 
36,500 
26,385 
18,430 


Alloy 142-76 


45,170 
36,980 
25,200 


15,500 17 14,400 


Alloy XA140-T2 
23,570 
23,430 400 
23,200 500 
21,870 f 600 


31,100 
28.200 
19,780 


temperature were held at the indicated temperature of testing for 


Yield 
Strength, psi 


Elongation 
in2In., % 


19,500 
17,375 
9,155 
5,375 


33,630 
30,165 
8.330 
4,930 


38,160 
24,740 
10,920 

6,480 


35,900 
31,425 
20,850 
14,700 


20,870 
10,000 


22,600 
19,940 
14,080 
100 hr 


Table XVIII. Comparison of Tensile Properties of Specimens Cut from Production Sand Castings and As-Cast Test Pieces 


Foundry 


As-Cast 


Test Bars 


Test Bars from 


Production 


Castings 


Tensile 
Strength, 
psi 


36,160 
36,160 


26,600 
26,430 
27,750 
26.900 


33,600 


35,800 
36.400 
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Yield Elongation 
Strength, in 2 In., 
psi 


Alloy 355-T6 
28,760 23 
28,000 22 

Alloy 355-T51 


10 
1.0 
20 
2.0 


Alley 355-T71 
13 

Alloy 356-T6 
34 
40 


Tensile Yield 
Strength, Strength 
psi psi 


Elongation 
in 2In., 


30,645 
30,315 


24,100. 
29.910 


20,500 
21,700 
23,770 


24,506 


27,700 


27,980 
31,950 


195-T6 11 500 13 

20 

3.2 

F. oe 19.3 

4 F 33 

10 

11.0 

08 

F 20 

12.0 

15.5 

§ 4 07 
10 
23 
aoe 45 
0 
F 0 300 95 
0 400 83 0 
0 500 85 0 
12 

17.0 

B eee 10 

eee 0 

B ; os 30,100 25,250 40 


A considerable scatter in tensile and 
yield properties occurs in both sepa- 
rately cast test specimens and those cut 
from production castings. Reproduci- 
bility of results is somewhat less in 
fatigue testing of both smooth and 
notched specimens. Neither impact nor 
fatigue properties are used in accep- 
tance specifications. The range of fa- 
tigue strengths for most of the sand 
and permanent mold casting alloys is 
shown in Fig. 18. Because of the scatter 
even in tests made on the same alloy, 
cast with identical procedures, the 
bands shown in Fig. 18, can probably 
be considered typical of most cast al- 
loys. No alloy or group of alloys could 
be selected for use strictly on the basis 
of a consistent superiority in fatigue 
resistance, as determined on standard 
fatigue specimens 

Data from test bars, particularly for 
die castings, should not be seriously 
considered in design analyses for appli- 
cations requiring resistance to dynamic 
loading. The fatigue strength of cast 
aluminum is markedly dependent on 
the casting process, the soundness of 
the casting and whether or not the 
area that is subject to fatigue has been 
machined. 

Actual fatigue testing of fully ma- 
chined parts is the only method of 
alloy or process selection. One such 
example is a clutch torque-shaft. A 
maximum load for actual service was 
determined for this part and the neces- 
sary life-cycle was assigned. Die cast 
and permanent mold cast parts were / 
made and fatigue tested. Figure 19 le Casting 
shows the tested part (note the typical 
“XX” fracture common to fatigue fail- 
ure) and the fatigue curves for the part 
as a permanent mold casting and as a 
die casting. Despite the fact that pub- 
lished fatigue strength values for as- 
cast test specimens of the die casting 
alloy (A380) are virtually twice as high ; 
as those of the permanent mold casting ; K 
alloy (319), the selected die cast part Number of Cycles 
had lower fatigue strength than the Fig. 19. S-N Curves for Clutch Torque Shafts Made as Permanent Mold and 
part made by permanent molding. Die Castings. Photograph of failed part shows typical “X" fatigue fracture 
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Fig. 20. Distribution of Tension Test Results for Separately Sand-Cast Specimens 
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DESIGN AND APPLICATION 


The Design of Closed-Die Forgings . . ......s. 65 


Hammer forgings. Tolerances. Allowance for machining. Cost of forgings. 
Selection of steel. Mechanical properties. Design stress calculations, De- 
sign of hot upset forgings. Design of hot extrusion forgings. 


Helical Steel Springs . . . . 


Stress computations. Compression springs. Extension springs. Cowp 
Wounp Sprines. Types of wire. Cost of spring steels. Stress range. Static 
loading. Hor Wound Sprines. Steels. Fatigue. Heat treatment. 


Symbols and conventions. Instruments. Cast surfaces. Selection of surface 
finish. Finish and performance, Friction. Tightness of joints. Effect of 
finish on tool performance. Influence of processing method. 


Residual stress patterns. Effects of residual stress. Relief of residual 
stresses, Measurement of residual stresses. 


The Selection of Electroplated Coatings . . . . . . 97 


General considerations, Influence of shape. Galvanic corrosion. Specifica- 
tions. Hydrogen relief treatment. Prorecrive Prorecrive-Deco- 
RaTIVE Coatines. Cadmium. Zinc, Cu-Ni-Cr. Cu-Ni-Cr coatings for zine 
die castings. Ni-Cu-Ni-Cr, Ni-Cr. Substitutes for Cu-Ni-Cr. Nickel. Copper. 
Brass. SpeciaL-Purpose Bonding of rubber. Electrical 
connections. Hard chromium. Coatings for bearing surfaces. Rebuilding 
worn and undersize parts. Stop-off coating. 
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FORGING is the process of working 
hot metal between dies, usually under 
successive blows and sometimes by con- 
tinuous squeezing. Closed-die forgings 
or “drop forgings”, hot upset parts, and 
extrusions are shaped within a cavity 
formed by the closed dies 

According to the Drop Forging Asso- 
ciation, 385 million carbon steel forg- 
ings with a total weight of 674,000 tons 
and an average weight of 3's lb were 
made in 1953. Comparative figures for 
forgings of all other metals in the 
same period were 104 million forgings, 
299,000 tons and 5%-lb average weight 
Forgings weighing 1 Ib or less consti- 
tuted 45° of all forgings made; those 
weighing from 1 to 2 lb totaled 27'2%, 
and heavier forgings made up progres- 
sively smaller percentages. Board ham- 
mers and air lift hammers made 448 
million forgings; upsetters, 97 million; 
steam hammers, 60 million; and forg- 
ing presses, 21 million 


Hammer Forgings 


Many small forgings are made in a 
die that has successive cavities to pre- 
shape the stock progressively into its 
final shape in the last or “finish” cav- 
ity. Dies for large forgings are usually 
made to perform one operation at a 
time. The upper half of the die, having 
the deeper and more intricate cavity, 
is keyed or dovetailed into the hammer 
ram. The lower half is keyed to the 
“sow block" or bed of the hammer in 
precise alignment with the upper die 
After being heated, the forging stock is 
placed in one cavity after another and 
is thus forged progressively to the final 
shape 

The Parting Line is the plane along 
the periphery of the forging where the 
striking faces of the upper and lower 
dies come together. Usually the die has 
a gutter or recess just outside the part- 
ing line to receive overflow metal or 
flash forced out between the two dies 
in the finish cavity (Pig. 1). More com- 
plex forgings may have other parting 


Supplements the articles on 
pages 36 to 42 of the 1948 ASM 
Metals Handbook 


By the ASM Committee on Forgings 


The Design of Closed-Die Forgings 


Subdivisions 
Hammer Forgings .......... 65 
Tolerances ...... 
Allowance for Machining... 69 
Cost of Forgings. .... 70 
Selection of Steel ; 70 
Mechanical Properties . 
Design Stress Calculations... 71 
Hot Upset Forgings..... ‘oe 


Hot Extrusion Forgings.... 75 
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lines around holes and other contours 
within the forging that may or may 
not be in the same plane as the outer 
parting line 

For greatest economy, the outer part- 
ing line should be in a single plane 
When it must be along a contour, 
either step or locked dies may be neces- 
sary to equalize thrust, as shown in 
Fig. 2. This may increase costs as much 
as 20% because of the increased cost of 
forging and trimming dies and proc- 
essing difficulties in forging and trim- 
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Fig. 1. Two Stages in Completion of 
a Forging 


Top: Limitations on 
height of rib 


ming. Sharp steps or drops in the part- 
ing line should be limited to about 15 
deg from the vertical in small parts 
and 25 deg in large forgings, to prevent 
a tearing instead of a cutting action 
in trimming off the flash. Locked dies 
may be avoided sometimes by locating 
the parting line as shown in the lower 
sketch of Fig. 3 

The specification of optional parting 
lines on forgings to be made in differ- 
ent shops allows the parting lines to 
vary from shop to shop. Unless the 
draft has been removed, this variation 
in parting may cause difficulties in lo- 
cating forgings when they are being 
chucked for subsequent machining 
However, shearing the draft is not al- 
ways an adequate remedy if trimming 


Lock Die 


Fig. 2. Locked Dies 


angles vary. Forgings made in differ- 
ent shops are likely to be more consist- 
ent in quality and to have less variation 
in shape when a definite parting line is 
specified 

Draft on the sides of a forging is an 
angle or taper necessary for releasing 
the forging from the die and is desir- 


a [ \ a 


f wged without Lock if e 


Fig. 3. Orientation of a Forging in 


the Die to Avoid Counterlocked Dies 
and to Eliminate Drajt 
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able for long die life and economical 
production. Draft requirements vary 
with the shape and size of the forging 
The effect of size on the amount of 
metal needed is illustrated by Pig. 4 

“Inside draft” is draft on surfaces 
that will tighten on the die as the forg- 
ing shrinks during cooling; examples 
are cavities such as narrow grooves or 
pockets. “Outside draft” is draft on 
surfaces such as ribs or bosses that 
shrink away from the die during cool- 
ing. Both are illustrated in Pig. 5, 
which shows inside draft greater than 
outside draft—the usual relation. Rec- 
ommended draft angles and tolerances 
are given in Table I. 

Increased draft, called “blend draft” 
or “matched draft” may be needed on 
a side that is not very deep below the 
parting line, in order to blend with a 
side of the forging of greater height 
above the parting line, as shown in Pig. 
6. Increased draft is sometimes desir- 
able or required in locked dies to 
strengthen the dies or trimmer so as to 
reduce breakage and cost. Often this 
can be anticipated by sketching the die 
needed to shape a given forging. Cy- 
lindrical, spherical, square, rectangular 
and some irregular sections can be 
forged without draft when the parting 
line is specified as shown in Fig. 7, but 
with some additional risk of breakace 
of dies. Other parts, such as the ends 
of cylinders, may be forged in locked 
dies at an angle so as to avoid draft 
on the ends. 

Ribs and Bosses. Forgings that have 
ribs or bosses at or near the maximum 
heights recommended in Fig. 1 are 
usually forged at temperatures (2250 to 
2300 F) higher than normal to insure 
flow of the metal into the die cavities 
Ribs are more readily formed in the 
upper die where the temperature is 
higher; the lower die extracts heat 
from the forging, which is in continu- 
ous contact with it. The ribs formed 
by the upper die will have better sur- 
face quality than those in the lower 
die because scale left by the part is 
more easily removed 
The maximum height of a rib de- 
nds on its width at the base and on 
locking operations that preshape the 


gin Migh 2 In High 5 In High 


Mox 
8° Max + 
J 10° Mox 


5° Min 7* Min 8° 


Fig. 4. Effect of Part Size on the 
Amount of Metal Needed for Draft 


Table I. Draft and Draft Tolerances for Steel Forgings 


Commercial Standard 


ASM Committee on Forgings 


Howarp Chairman 
Assistant Chief Estimating Engineer 
Ladish Co. 


Georce N. Barrett, Jr 
Chief Metallurgist 
Cleveland Pneumatic Tool Co. 


CHARLES BEzpEK 

Forge Engineer 

Tractor Works 
International Harvester Co. 


W. C. CaDweLi 
Supervisory Engineer 
Caterpillar Tractor Co. 


A. FP. CHRISTIAN 
Chief Metallurgist 
Ingalls-Shepard Div. 
Wyman-Gordon Co. 


B. GraKaw 
Chief Engineer 
AmForge Div 
American Brake Shoe Co. 


ADOLPH KASTELOWITZ 
Chief Manufacturing Engineer 
Republic Aviation Corp 


Georce McKeown 
General Superintendent 
Moore Drop Forging Co. 


Joun A. WEBBER 
Chief Metallurgist 
Interstate Drop Forge Co. 


stock. Fillets of minimum size cannot 
be used at the base of a rib of maxi- 
mum height if the rib is to be sound 
and completely filled. Twice the mini- 
mum fillet size should be used; a full 
radius is preferable at the crest of the 
rib; and draft should be increased if 
possible. 

Fillets and Radii. In forging, some 
radii will wear and grow greater; others 
will become sharper under the combined 
effects of the pressure of repeated ham- 
mer blows and abrasion 

Radii that are too small give the 
forge die a shearing action and develop 
high resistance to the flow of the metal, 


Inside Oveft, 


Out 


Fig. 5. Definition of Inside and Out- 
side Draft and Limitations on the 
Depth of Cavities 


Special Standard 


Height or Depth Draft, Tolerance,“ Draft, Tolerance,‘*) 

of Draft, in. deg Plus, deg deg Plus, deg 
Outside Draft 

% to ly 3 2 

% tol 5 3 cen 

Over ‘4, up to 1 5 2 

Over 1, up to 3 7 3 5 3 

Over 3 7 4 7 3 
Inside Draft 

7 3 5 3 

Over 1 10 3 10 3 


(a) The minus tolerance is zero. 
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thus increasing die wear and reducing 
the life of the die. Radii should be as 
large as the design will permit. Sharp 
radii in a forging die set up strains that 
cause the die to check, thus reducing 
die life and increasing the cost. Very 
little material can be saved by produc- 
ing a design that includes sharp in- 
ternal (fillet) radii 

The effects of small and large radii 
are illustrated by Fig. 1, which shows a 
forging during two stages of the oper- 
ation. In small steel forgings (less than 
2 lb) ‘“%-in. radii in fillets are consid- 
ered the absolute minimum. Common 
practice is to make the fillet radii 
twice the size of the corner radii. These 
radii will increase in proportion to 
the size and weight of the forgings, 
as shown in Fig. 8. For steel forgings 
of average size (3 to 8 lb), %-in. fillet 
radii are normal 

When alloys such as nitralloy or 
stainless steel are being forged, special 
consideration must be given to transi- 
tion radii, and a \%-in. fillet radius is 
the absolute minimum 

Recommended fillet and corner radii 
for various heights of rib or boss are 
given in Fig 9 

Holes and Cavities. Holes should not 
obstruct the natural flow of the metal 
in the forging operation. If cavities 
lie perpendicular to the directional 
flow of metal, it may be necessary to 
add breakdown or blocking operations 
on the forging billet before it is placed 
in the dies for forging. Such operations 
add cost and must be justified eco- 
nomically. In almost all instances 
where a hole is to be punched, a forged 
cavity will be provided to displace the 
metal in order to relieve the work 
load of the punch in the later opera- 
tion. Holes and cavities should not 
be higher or deeper than the base of 
the widest cross section when normal 
fillets and radii are used. If a full 
radius or a hemispherical shape is 
allowed at the bottom of a cavity, 
the maximum depth of the cavity may 
be 1‘ times the width (the diameter) 
as shown in Fig. 5. 

On shallow cavities a draft angle 
of 7 deg and the required normal 
radii can be used. On cavities of maxi- 
mum depth the draft should be in- 
creased to 10 to 12 deg 

Minimum Web Thickness. The web 
in a forging is limited to the thickness 
at which it gets too cold before forging 


Normal Draft» 


“Blend 
Droft 
Fig. 6. Normal Draft and Blend 
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Fig. 7. Selection of Parting Lines to 
Eliminate Draft 
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Fig. 8. Minimum Fillet and Corner 
Radii for Steel Forgings 


2 18 20 


is completed. If the web gets cold 
enough in forging to look black, it 
will prevent the part from being 
brought down to size. Figure 10 shows 
the limiting minimum web dimension 
as a function of web size. The mini- 
mums shown are generally accom- 
plished on various metals with more 
or less difficulty—particularly in a 
problem forging that requires more 
than a few blows for completion. Many 
web thicknesses that fall into the 
band between the two curves will be 
made only with difficulty and at extra 
cost; some that fall below the curve 
are regularly produced, whereas the web 
thicknesses that fall above the upper 
curve are almost always made without 
extra cost in forgings that can be com- 
pleted rapidly 

When a web thinner than recom- 
mended is required, some advantage 
may be gained by tapering the web 
5 to 8 deg toward the thinnest section, 
at the center, but average minimum 
thickness of web must be retained to 
meet strength requirements 

Lightening Holes in Webs. Holes are 
not always desirable as a means for 
reducing weight because of the effect 
on the strength of the part and be- 
cause of stress concentration. Lighten- 
ing holes are almost always produced 
by an added operation and the ex- 
pense involved is often unjustified. 


These holes should be used only in 
neutral or low-stress areas, or to re- 
duce cooling cracks and warpage 


caused by uneven cooling. Holes should 


Length, — 
or Mismotch 


Definition of Dimensions Used 
in Tabies II and III 


Table Il. Recommended Commercial 
Tolerances for Length of Steel 
Forgings 


Maximum 
Length of 


Tolerance on Length 
or Location,‘*’ in 


Forging, in Plus Minus 
6 0.047 0.031 

15 0.062 0.047 

24 0.125 0.062 

36 0.125 0.062 

44 0.125 0.125 

60 0.187 0.125 

72 0.219 0.125 


(a) Relative location of ribs, holes or 
shoulders 


% + Fillet Radius 


Corner Radius 


8 


2 4 é 
Height of Ribor Boss, in 


Fig. 9. Height of Rib or Boss in 
Relation to Fillet or Corner Radius 


be kept away from edges and should 
be provided with a strengthening bead 
to reduce stress concentration as 
shown in Fig. 11. A hole near the edge 
of a forging usually leaves inadequate 


material in the highly stressed area 
around the hole. 
Tolerances 
Forging tolerances, based on area 
and weight, which represent good 
commercial practice are listed in 


Tables II and III. These tolerances ap- 
ply to the dimensions shown in the 
illustration accompanying the tables. In 
using these tables to determine the 
size of the forging, the related toler- 
ances such as mismatch, die wear and 
length should be added to allowance 
for machining plus machined dimen- 


0.4 
‘ Minimum for Rapidly 4 

a Completed Forgings » 

2 
e U. 


Web Area, in 

Recommended Minimum 

Web Thickness in Relation to Mini- 
mum Dimension of Web Area 


Minimum | 


Fig. 10 


mension 


in Tables II and III conform to the 
full process tolerance of actual pro- 
duction parts and will yield more than 
99% acceptance of any dimension 
specified from this table. In particular, 
as shown in Table IV, instances may 
be found of precise accuracy or rarely 
as much as +50% error in the toler- 
ances recommended in Table III. The 
values in Table IV represent the prod- 
uct of a die for one run and not the 
full range of product between succes- 
sive resinkings of the die 

Shift or Mismatch Tolerance allows 
for misalignment of dies during forg- 
ing, as shown in Fig. 12. All angular 
or flat surfaces of the die will erode 
or wear away and increase the volume 
of the forging, depending on the ex- 
tent to which the forged metal flows 
over them. This increase is called 
“spread” or die wear, which must be 
included in the forging dimensons 


sions, On the average, tolerances listed The characteristics of die wear are 
shown graphically in Fig. 13. The part 
represented was made of 4140 steel, 
inforci Forged Holes 
Reinforcing Beads ye hcg using 10 blows in a 2500-lb board 
Soon hammer. Tolerances were commercial 
—— < standard, and the part was later coined 
to a thickness tolerance of 40.010 in., 
0000. The die-block, 10 by 18 by 18 
in., was hardened to Rockwell C 42 
. After 30,000 forgings had been pro- 
Forged Hole duced, the die wore as indicated, and 
in Gusset the dies were resunk 
Fig. 11. Lightening Holes in a A range of tolerance is given for 
Forging mismatch in Table III. The higher val- 
Table Ill. Recommended Commercial Tolerances for Steel Forgings 
- - Forging Size Tolerance, in 
Area, Weight, Thickness, Mismatch Die Wear, 
8q in. Ib Plus Minus Plus Plus 
5.0 1.0 0.031 0.016 0.016 to 0.031 0.031 
70 70 0.062 0.031 0.016 to 0.031 0.062 
10.0 15 0.031 0031 0.016 to 0.031 0.031 
12.0 12.0 0.062 0.031 0.016 to 0.031 0 062 
20.0 20 0.062 0.031 0.016 to 0.031 0 062 
20.0 30.0 0.062 0.031 0.020 to 0.040 0 062 
° 
38.0 45 0.062 0.031 0.016 to 6.031 0.062 
38.0 80.0 0.062 0.051 0.025 to 0.050 0 062 
50.0 8.0 0.062 0.031 0.020 to 0.040 06 062 
50.0 600 0.062 0.031 0.020 to 0.040 0 062 


100.0 0.062 


95.0 11.0 0.062 
132.0 17.0 0.062 
166.0 73.0 0.004 
175.0 150.0 0.004 
201.0 40.0 0.062 
240.0 515 0.094 
250.0 250.0 0.004 
265.0 60.0 0.094 
275.0 65.0 0.125 
300.0 75.0 0.125 
300.0 350.0 0.094 
375.0 450.0 0.125 
415.0 306.0 0.125 
525.0 750.0 0.125 
900.0 1000.0 0.125 


0.031 0.025 to 0.050 0 062 


0.020 to 0.040 0 062 
0.031 0.025 to 0.050 0.062 
0.031 0.030 to 0.060 0 004 
0.031 0.030 to 0.060 0094 
0.031 0.025 to 0.050 0.062 
0.031 0.030 to 0.060 0.004 
0.031 0.030 to 0.060 0.004 
0.031 0.030 to 0.060 0 004 
0.031 0.047 to 0004 0.125 
0.062 0.047 to 0.004 0.125 
0.031 0.030 to 0.060 0.004 
0.031 0047 to 0.004 0.125 
0.062 0.047 to 06.004 0.125 
0 062 0.047 to 0.0% 0.125 
0.062 0.047 to 0.0% 0.125 
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Mismatch Allowance 


| Parting Line 
ke ys 


Mismatch Allowance 


A Finish Machined 

8B Machining Allowance 

Dratt Allowance 

D Die Wear Tolerance 

"Shrink" or Length 
Tolerance 


f Mismatch Allowance 


Fig. 12. Application of Tolerances 
and Allowances to Forgings. The 
dimensions are not to scale 


ues are to be added to tolerances for 
forgings that need locked dies or in- 
volve side thrust on the dies during 
forging. On forgings that are heavier 
than 50 lb, it is sometimes necessary to 
grind out mismatch defects up to ‘% in. 
max, 

Length Tolerance in Table II refers 
to variations in shrinkage that occur 
when forgings are finished at different 
temperatures. Length tolerance should 
be applied to over-all lengths of forg- 
ings, as well as to the locations of 
bosses, ribs and holes 

Areas of a forging may be coined 
to hold closer tolerances, provided the 
metal is free to flow into an adjacent 
open area of the part. Under these 
circumstances, the tolerances shown 
in Fig. 14 can be held in production 
without difficulty. Over a hot sheared 
surface, the coining operation will bring 
the high points of the serrations within 
tolerance without removing all the de- 
pressions, 

On the average, Table III represents 
full process tolerance. Figure 15 in- 
dicates the relationship of number of 
acceptable parts to the process toler- 
ance. In application the full process 
tolerance must be derived from the 
process capability, the full value of 
which is represented on the chart as 
full process tolerance within which 
100% (theoretically 99.7%) accepta- 
bility will result, 

For a given process and tolerance, 
if the designer chooses to narrow the 
tolerance to two thirds of its full value, 
the acceptability will be reduced to 
95% Similarly a reduction to one 
third of the full tolerance would re- 
sult in acceptability of 68%. Such re- 
duction in tolerance incurs added ex- 
pense because of the cost of rejected 
forgings and of 100% inspection to 


/ 
rain R Before Wear 0, O6l-In Wear 
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Fig. 13. An Example of Die Wear 
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Table IV. Comparison of Quality Control Data with Recommended Tolerances 
for Seven Production Forgings 


Recommended 
Tolerance 


Table Ill 40 


Range of Observed 
Variation in Length for 
From Specific Quality Control! Limits 


Difference Between 
Tolerance from 
Table III and 
60 Control Limit 


0.094 0012 
B 0.004 0.051 
Cc 0.094 0.060 
D 0.125 0.053 
E 0.125 0.081 
0.125 0.104 
G 0.125 0.111 


0.063 + 0.031 
0.076 0.018 
0.090 0.004 
0.080 + 0.045 
0.122 + 0.003 
0.166 0.041 
0.166 0.041 


Values represent the product of a die for one run and not the full range of product 


between successive resinkings of the die 


All tolerances are plus; negative tolerances, 


zero. Plus signs in the last column indicate the recommended tolerance is conservative 


compared with production experience 


Table V. Tolerance on Burr for Steel 
Forgings 


Weight, Trim Tolerance, 
Ib Size,‘*’ in Plus,‘ in. 


Table VI. Draft Increment of Trim 
Tolerance for Steel Forgings 


Height of Draft Tolerance 
Face, in. Plus,'*’ in 


2 0.031 
10 6 0.062 
25 0.12£ 

100 25 0.250 


(a) The trim size refers to the greatest 
distance across the forging at the trim 
line. (b) The minus tolerance is zero 


separate acceptable from _ rejected 
parts. Although it is possible to have a 
closer control of the forging process so 
as to increase the percentage of ac- 
ceptable parts, the added control ex- 
pense will also increase the cost of the 
parts. 

Flash is trimmed in a press with a 
trimming die shaped to suit the plan 
view, outline and side view contour of 
the parting line. The forging may be 
trimmed with a stated amount of 
burr or flash left around the periphery 
at the parting line. It may be trimmed 
flush to the side face of the forging 
or some of the draft may be trimmed 
off, provided that the serrations or 
score marks left by the shearing opera- 
tion are not an objectionable feature 
In most commercial forgings some draft 
is sheared away. 

Trimming Tolerance. When the trim 
must cut through the flash only and 
leave the side of the forging untouched, 
it is necessary to use a trim dimension 
that includes burr tolerance, mismatch, 
draft tolerance and die wear plus 
shrink tolerance. When it is satis- 
factory to trim draft partially, a closer 
trim tolerance may be held. Burr 
tolerance, listed in Table V, applies 
to the amount of flash that should 
remain between the side of the forging 
at the parting line and the outside 
edge of the trim cut 

Draft Tolerance depends on the 
height of the face having the draft, 


2 4 lal Z 14 
Coined Area, sq 


Fig. 14. Tolerances for Coining Un- 
confined Areas of Forgings 


% 0.015 
0.020 
1 0.035 
2 0.060 
5 0.175 
10 0.350 


(a) The minus tolerance is zero 


and applies to the dimension across the 
forging at the parting line. Draft tol- 
erance (plus) is listed in Table VI for 
six different heights of the draft face 
on forgings. 

Die Wear Tolerance allows for an 
economical life of tools by providing 
for acceptability of parts after the 
die has made a quantity of pieces 
The tolerance to be added to trimming 
tolerance and draft tolerance to allow 
for die wear is given in Table VII 
The fourth part of the total tolerance 
is 0.003 in. per in. of greatest dimension 
across the forging at the trim line to 
be added as shrink tolerance 

The use of these tables may be il- 
lustrated by the following example 
Assume a 5-lb forging 5 in. high and 5 
in. across at the minimum shearing 
dimension. The tolerance is the sum 
of 0.045-in. burr tolerance plus 0.175-in 
draft tolerance plus 0.040-in. die-wear 
tolerance plus 0.015-in. shrink toler- 
ance, which equals 0.275-in. trim toler- 
ance. Thus 5.275 in. is the largest di- 
mension allowed for trimming when 
the side of the forging must not be 
cut and 5.000 in. is the smallest di- 
mension to be allowed. This tolerance 
is most economical but in many forg- 
ings the tolerance can be held as close 
as shown in Table II by close control 
or extra operations 

Hot Shearing removes the draft 
from forgings with a vertical cut that 
improves dimensional accuracy and 
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Fig. 15. Relation of Percentage of 
Acceptable Parts to Process Toler- 
ance Specified on a Dimension 
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Table VII. Die Wear Increment of Trim 
Tolerance for Steel Forgings 


Weight, Trim Tolerance, 
Ib Size,‘*) in. Plus,‘ in. 
1 0.031 
10 6 0.047 
25 8 0.062 
100 25 0.125 


(a) The trim size refers to the greatest 
distance across the forging at the trim 
line. (b) The minus tolerance is zero. 


leaves a serrated surface. This char- 
acteristic surface and accuracy is an 
economical preparation for machining, 
broaching, coining and accurate chuck- 
ing in standard chucks. The surface is a 
substitute for rough machining or fame 
cutting 

The cheapest trimming operation on 
forgings is the cold trimming of small 


parts made from carbon steel of less 
than 0.50% C or from alloy steel of 
less than 030% C. However, to hot 
7 
} | 
=> } 
] 
\ | 
= Pierce Web 
Fig. 16. Commonly Specified Hot 


Shearing Operations 


shear off about two thirds of the draft 
is economical because no special lo- 
cating tools are required as for shear- 
ing off all the draft. The holes and out- 
side of a forging can be sheared in 
one operation with a combination 
trimmer and punch in instances where 
the sheared burr of the holes and the 
outside are not required to be on op- 
posite sides of the forging 

The force of the shearing operation 
results in a rounded contour called 
“pull down” where the shear begins, 
and sharp burr edges on the opposite 
side of the forging where the shear 
The trim- 


ends, as shown in Fig. 16 


ength of Hole 


ength of Hole Equals 2x Diam 
’ | Equa am 


ameter,in 


Fig. 17. Tolerance and Allowance for 
Hot Piercing of Holes to Be Broached 


ming and piercing forces are sometimes 
great enough to crush or distort the 
forging. For example, the force of 
piercing a hole in a thin-walled hub 
may expand the outside dimension if 
there is no outer flange to support it 
If the wall has a flange around the out- 
side, the piercing forces may crush the 
lower ends of the hub 

Piercing. Expansion may occur in hot 
piercing a hole in a cylindrical piece 
when the unsupported outside wall is 
1.5 times the diameter of the pierced 
hole. All parts with an outside di- 
ameter only 1.2 times the pierced di- 
ameter will be distorted. In some parts 
in which the outer surface is sheared 
in the same operation that pierces the 
hole, an outside diameter 1.4 times the 
diameter of the hole may sometimes 
be used with good results, but generally 
for such parts 0.062 in. should be added 
to the end of the piece to allow for 
crushing of the ends if the ratio 
of outside diameter to inside diameter 
is less than 1.5. If the ratio is about 
1.6, the allowance of 0.032 in. will be 
satisfactory, but for ratios of outside to 
inside diameter greater than 1.75 this 
allowance is seldom necessary 

Broaching Allowance. The amount of 
metal to be removed in broaching a 
hole in a forging may be controlled 
economically by hot piercing the hole 
to close tolerances or, less economical- 
ly, by machining the hole _ before 
broaching. Figure 17 is a graph of the 
forging stock and tolerances to be 
allowed in a hole that is to be broached 
after hot piercing. In using the graph 
the allowance value at a given diameter 
is subtracted from the minimum 
broach diameter. This is the high 
limit for the size of the hot pierced 
hole. The hole dimension is then speci- 
fied as the high limit with a tolerance 
of plus zero, minus the tolerance read 
from the graph 


Allowance for Machining 


Surfaces that are to be machined 
must be forged oversize externally and 
undersize internally by an amount equal 
to the sum of applicable tolerances 


= Machined 
+ 2a Machining A 


Thickness 
owance 
+ Thickness erance 
Tolerance 


otraigniness 
Machining 

Allowance 


Machined 


Forged Diameter — 


Machined Diameter 


Machining Allowance 
Length lerance 
Mismatch erance 


Table VIII. 


Maximum 


Weight of Tall 

Forging, ib Forgings 
15 0.060 to 0.090 
75 0.090 to 0.120 


1000 0.120 to 0.1900 


= Machined D 


Fig. 18. Computation of Machining Stock Allowance 


and machining allowance as shown in 
Fig. 18 
On machined surfaces parallel to the 


parting line, the stock allowance is af- 
fected by the tolerances for thickness 
and straightness. Machined surfaces 
perpendicular or nearly perpendicular 
to the parting plane are affected by the 
length tolerances, straightness and mis- 
match tolerances. The minimum ma- 
chining allowance, set somewhat arbi- 
trarily at 0.060 in. on small forgings 
and as high as 0.250 in. on large forg- 
ings, is given in Table VIII. The allow- 
ances shown are based on weight and 
shape, which are significant principally 
as an index of the amount of probable 
warpage. In all instances the depths of 
cut shown in the table will also remove 
permissible amounts of decarburization 
The tolerance and allowance for hot 
piercing of holes that are to be broached 
is given in Fig. 17 

The precise effect of changes in sec- 
tion on the amount of distortion in heat 
treatment is not known. For smal! parts 
the usual method of overcoming dis- 
tortion is by jie quenching or by mar- 
quenching 

Decarburization. Since the loss of car- 


bon greatly lowers the resistance to 
fatigue, the decarburized skin should 
be removed by machining in highly 


stressed areas. Table IX shows the 
general limits for forgings of various 
sizes. The machining allowance is usu- 
ally greater than the depths shown in 
Table IX 

Design for Tooling Economy. Consid- 
erable reduction in cost may result from 
forging designs that incorporate pro- 
visions for location of the forging for 
machining and inspection. Forgings 
that will be clamped to a face plate or 
a mirachine-tool table should be pro- 
vided with three bosses under the pro- 
posed clamping points to locate the part 
and avoid both distortion and the tend- 
ency to rock (Pig. 19). When the quan- 
tity of parts is too small to justify 
tooling and holes are to be drilled 
instead of hot sheared in forging, the 
holes may be spotted with a cone 
angle steeper than the drill and about 


'» to *% of its diameter. This procedure 
Machined Diameter 
Machining Allowance 
Length 
— 


ameter Mismatch 


= Machined 
¢ 2a Machining Al 


ameter 
wonce 
+ Straightness Tolerance 


Mismatch Tolerance 


Machining Allowance on Each Surface for Average Steel Forgings 
Machining Allowance per Surface, in 


Fiat Long 
Forgings Forgings 

0.090 to 0.120 6.120 

0.120 0.120 


0.120 to 0.250 0.190 to 0250 
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Tooling Bosses, 
Removed After 
Final Machining 


«Machined for 
j Steadyrest 


,Sawcut 3 Places 


3 Pieces in One Forging 


Three Designs for Economy 
in Tooling 


Right - Hand Part 


Left-Hand Part 


Machined for Left Hand 


Machined for Right Hand 


Fig. 19. (Above) Design for Economy 

in Tooling. (Below) Combination of 

right-hand and left-hand parts in 

the same forging. Bottom pair shows 

an unforgeable part that was bent to 

its final shape a/fter preliminary 
Jorging. 


Table IX. Typical Decarburization 
Limits for Steel Forgings 


Range of 
Section Size, in 


Typical Depth of 
Decarburization, in. 


Less than 1.. 0.031 
lto4. 0.047 
0.062 
More than 6 ...... 0.125 
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enables accuracy of locations compar- 
able with length tolerances and square- 
ness predictable from thickness toler- 
ances if the part is not specially located 
for machining. 

Long parts of irregular cross section 
that may have bow or camber should 
often be provided with steady rest loca- 
tions in the forging design for eco- 
nomical machining as shown in Fig. 19 
Machining economy and accuracy often 
result when a forging that presents a 
problem in machining is designed as a 
Siamese forging with multiple parts on 
the same forging to be saw-cut apart 
after machining. 

Special opportunities for economy are 
present in the design of right-and-left- 
hand forgings to be transformed later 
as shown in Fig. 19. The method shown 
for avoiding right-and-left forging tool- 
ing should always be used for the manu- 
facture of small quantities but may 
not be economical for large production 
Figure 19 also shows a part that could 
not be forged without a secondary 
bending operation. 


Cost of Forgings 


Frequently the engineer is confronted 
with the problem of designing a steel 
part that may be produced either as 
a forging or a casting, each one equally 
capable of fulfilling the functional re- 
quirements. Usually the problem of 
which process to specify is answered 
ultimately on the basis of which allows 
the lower cost for the quantity desired 
The higher cost of initial equipment 
for forging virtually eliminates forgings 
when quantities are low. As the quan- 
tity increases, there is a corresponding 
decrease in price, while with steel cast- 
ings, because of higher scrap ratio, the 
decrease in price per piece diminishes as 
the quantity of castings increases. In 
Fig. 20 comparison is made of the rela- 
tive costs of a 31'4-lb brace made as a 
forging and as a steel casting 

The curve for the cost of casting is 
given in two parts: first with temporary 
pattern equipment having estimated 
life of approximately 200 pieces, and 
second as permanent equipment for 
more than 200 pieces. As shown by the 
graph, a quantity of 200 pieces is re- 
quired in this example to justify the 
expense of forging dies. The cost of 
forging dies was approximately 3% 
times greater than the temporary pat- 
tern equipment and 15% greater than 
the permanent pattern equipment. 

For some parts, forging is the cheap- 
est method of manufacture because of 
secondary operations that can be elim- 
inated. An example is the cube in Fig. 7, 
with bevel edges that were required 
for weld clearance. The forging cost 
more than hack-sawed bar stock pre- 
viously used in machining the part but 
the savings that resulted from elimina- 
tion of the machining operation more 
than offset the cost added by forging 


Selection of Steel 


The cost of steel as a percentage of 
the total manufacturing cost of forgings 
is shown in Fig. 21. These curves are 
based on an average of many actual 
forgings different in number of forging 
and heat treating operations required, 
cost of steel, quantity and setup cost. It 
should not be inferred from these data 
that an average 30-lb stainless steel 
forging will cost 34% more than an 
average 30-lb carbon steel forging. 
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Fig. 20. Unit Cost of a 31'-Lb Brace 
Versus Quantity Required for Two 
Methods of Manufacture 


Assuming a rating of 100% for the 
production attainable with the most 
forgeable steel, carbon steels gradually 
decrease in rating from 100% for 0.35% 
C to 75% for 0.95% C. The ratings for 
free-machining steels decrease almost 
proportionally with increasing carbon 
content, from 98% for C1117 to 93% for 
C1141, with the exception that B1112 
and C1120 have a rating of 100% for 
attainable production. 

Ratings for alloy steels range from 
94% for those with the least harden- 
ability to 77% for those with the great- 
est. Types 410, 416 and 420 stainless 
steels rate 67%, type 302 rates 60% and 
type 304, 55%. 


Mechanical Properties 


In rolled and forged parts, an etched 
surface has the appearance of fibers 
similar to those found in wood. In 
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Fig. 21. Cost of Steel as a Percentage 
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Table X. Effect of Orientation of Test Specimen on Mechanical 


sae of Steel Forgings, with Specimen Locations as Shown in Fig. 22 at Left 
Longitudinal 4 Yield Tensile Elongation Reduction Brinell 
Orientation Strength, psi Strength, psi in 2in., of Area, % Hardness 


Steel 5046 
Diagonal Longitudinal 85,000 119,000 25.5 64.1 255 
Diagona! 82.000 119,000 22.5 520 255 
Transverse , 87,000 119,500 115 20.5 262 
Steel 4340 
Longitudinal 146,000 159.000 19.0 Mi 
Diagonal 144,500 158,000 175 49.3 331 
~ Transverse 144.500 158,750 13.5 29.9 
4 
inn Eines 8 Fig. 22. (Left) Location and Orientation of Specimens for Table X 


forgings the fibers or flow lines should’ then were heat treated. These forgings fatigue failures occurred in the ‘%-in 

follow the contour of the part had been formed from a 15-in. square radius shown in Pig. 24. The lever is 
The influence of orientation of a _ billet by a 5000-lb blacksmith hammer, pivoted in a ball socket and the maxti- 

tension test specimen on the mechanical a 25,000-lb blocking hammer, and a mum load transmitted at end A is 400 

properties of a forging is one reason 35,000-lb finishing hammer Ib. The steel is 1049 hardened to Brinell 

why specifications often call for differ- Three sets of specimens were cut 269 to 285 with properties shown in 

ent minimums for longitudinal and as illustrated by Fig. 23. One set was Table XTI 

transverse properties. Longitudinal tests longitudinal or parallel to the forging As a simple lever, the stress at section 

are taken parallel to the flow lines, axis; another set was transverse or 1 would be calculated as follows: 

while transverse tests are taken at 90 normal to the forging axis away from 


deg to the direction of flow. Tensile the parting line; and the third set was Bending Moment ul 
strength is approximately the same in vertical across the parting line with (Force at A) (Lever Arm) 
both directions but elongation and re- the critical section in the center of the (400) (6.25) = 2500 Ib-in 
duction in area are usually better for parting line region. Results of tests st Bending Moment 
a longitudinal bar summarized in Table XI show differ- — Section Modulus 
Table X shows test results of tensile ences in properties resulting from orien- on 
specimens for two different kinds of tation. Such differences can be expected — 


steel taken from a heat treated forging. in all forgings regardless of the 
In another study of these directional used or its strength after 

effects on 4340 and 4330 modified steel, treated 
at different strength levels, large closed- A total of 7 tensile, 10 notch-tensile, 
die forgings of approximately 12-in. 15 impact, and 5 bend specimens were 
diam and 4 ft long were bored to leave tested for each steel, in each orienta- Since an abrupt change in size occurs 
a1l% to 1‘ in. wall thickness and tion. Standard 0.505-in. round tensile at section 1, a stress concentration 
specimens were used. Notch-tensile factor must be applied. This value is 


steel (0.0982) (Diam)* 
being heat 2500 
(0.0082) (0.875)* 


38,000 psi 


Transverse tc Transverse specimens of 0.300-in. nominal outside obtained from Fig. 25. Values applied 
Parting Line diameter had a circumferential 60-deg to the curves are: From the dimensions 
oy Fea V-notch that removed 50% of the sec- in Pig. 24, r = 0.125 in., d = 0.875 in. and 


. ‘, tion area. The root radius of the notch / = 0,187 in. Therefore: 
was less than 0.001 in. Bend specimens 0.125 
\ of 04375-in. diam were 5% in. long = 
\}\ The restricted bend method was used ond 
- +++} # in which the specimen is supported at h 0.187 
each end and the load is applied at 6.125 
\ J ' the center of the specimen. 
The stress-concentration factor for 
) ; OY Design Stress Calculations these values or r/d and h/r is k, 1.52, 


a read from Fig. 25. Therefore the calcu- 
In a hand-operated gear-shifting lated mean stress would be (152) 

Fig. 23. Location and Orientation of lever mechanism, field performance (38,000) 57,760 psi. This stress is well 
Specimens for Table XI was generally satisfactory, but some below the yield strength (101,000 psi) 


Longifudina 


Table XI. Effect of Location and Orientation on Mechanical Properties of Specimens Cut from Production Forgings 
(See Fig. 23, Above Left, for Locations of Specimens in the Forgings) 


4340 at Rockwell C 41- 4330 (mod) at Rockwell C 43 4330 (mod) at Rockwell C 48 
Property Longi- Trans- Trans- Longi- Trans- Trans- Longi- Trans Trans- 
tudinal verse verse to PL tudinal verse verse to PL tudinal verse verse to PL 


Tension Test with Standard Unnotched Specimens 


Tensile strength, psi , 190,950 191,300 187,600 197,200 198,075 196,925 235 825 239,175 230,775 

Yield strength, 0.2% offset, psi.. 179,500 181,000 176,125 183,250 184.200 183,750 203,000 203 250 205 875 

Elongation in 2 in., % 146 8.2 46 14.5 110 63 109 79 32 

Reduction of area, ‘ 489 17.1 o8 47.7 28.0 13.3 “44 272 75 

Tension Test with Notched Specimens 

Notch strength at 68 F, psi 280 600 267 ,000 248,000 281,000 277 800 273,000 296 000 280 600 254, 800 

Notch strength at 65 F, psi 289 400 279,800 251,400 286 B00 285 600 277,200 291 B00 239 600 190,600 

Notch ductility at 68 F, % . 346 2.74 1.76 3.00 2.58 1.72 2.00 190 136 

Notch ductility at —65 F. ‘ 282 2.20 1.22 1.98 2.16 1 58 1M 136 104 

Charpy Impact Test 

Charpy impact at 68 F. ft-lb 27.5 15.4 109 20.1 16.1 122 175 143 a5 

Charpy impact at 32 F, ft-lb 20.0 145 96 19.0 16.6 128 172 138 72 

Charpy impact at —65 F, ft-lb.. 17.3 113 86 164 15.9 aa 14.0 114 59 

Restricted Bend Test 

Bend load, lb 5570 5350 4710 5730 5520 4050 6600 6620 6110 

Outside bend angie, deg 180 38 15 180 67 27 147 51 18 
All values shown are averages. A total of 7 tensile, 10 notch- section area. The root radius was less than 0.001 in. Bend speci- 

tensile, 15 impact and 5 bend specimens were tested for each mens were 0.4375-in. diam by 5% in. long 

steel. Standard 0.505-in. round tensile specimens were used. The data were obtained with the restricted bend method in 

Notch-tensile specimens of 0.300-in. nominal outside diameter which the specimen is supported at each end and the load is 


had a circumferential 60-deg V-notch that removed 50% of the 


applied at the center of the specimen 
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Properties 


However, the occurrence of failures 
under service conditions indicated the 
probability of fatigue 

To investigate actual stresses, a strain 
gage was installed in the radius, and 
observations made during operation re- 
vealed stresses in the range from 40,000 
to 60,000 psi, but when gears were 
clashed, transient load impulses as long 
as 2'% sec in duration resulted in stress 
as high as 90,000 psi at a frequency of 
80 cycles per sec. Thus about 200 stress 
reversals could occur several times dur- 
ing each hour the machine was in oper- 
ation. This condition explains the pos- 
sibility of the occurrence of 1,000,000 
cycles in a few thousand hours of actua! 
operation. It was necessary, therefore, 
to consider means of reducing the stress 
because of fatigue 

A draftsman’s layout of the related 
parts revealed that the diameter could 
be increased to 1 in. and the radius to 
0.187 in. Also, instead of the as-forged 
surface, it was expedient to machine the 
radius as shown in the following stress 
analysis (see lower part of Fig. 24). 

In the previous formula, bending 
moment is unchanged, but the section 
modulus changes because of increased 
diameter. Then the stress after rede- 
signing is: 


Bending Moment 2500 


Section Modulus (0.0082) (1)" 25,400 pei 


In using Pig. 25, 


r 0.187 

i 
and 

h 0.187 1 

r 0.187 


Therefore the stress-concentration fac- 
tor with the 0.187-in. radius would be 
reduced slightly, to 1.43, and the calcu- 
lated mean stress after redesigning 
would be (1,43) (25,400) = 36,300 psi 
Life Expectancy. The foregoing com- 
putations have shown the calculated 
stresses for two different configurations 
at section 1. It was determined ex- 
perimentally that peak stresses of 90,000 
psi were observed in the original con- 
dition. The peak stresses with the 
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Fig. 24. (Above) Example Lever in 
a Grobiem of Redesigning; (Below) 
Plot of Stresses in the Original and 
Redesigned Part 


METAL PROGRESS; PAGE 72 


Table XII. Fatigue Strength of Heat Treated Wrought Steel of 
Various Hardness Ranges 


Nominal Nominal 


Brinell Tensile Yield 
Hardness Strength, Strength, 

Range psi psi 
160 to 187 77,000 48,000 
187 to 207 89,000 60 
207 to 217 99,000 69,000 
217 to 229 103,000 74,000 
229 to 241 109,000 80,000 
241 to 255 114,000 86.000 
255 to 269 121,000 94,000 
269 to 285 127,000 101,000 
285 to 302 135,000 110,000 
302 to 321 142,000 120,000 
321 to 352 151,000 130,000 
352 to 375 166,000 147,000 
375 to 401 176,000 158,000 
401 to 429 188,000 171,000 
429 to 461 202,000 183,000 
461 to 495 217,000 196,000 
495 to 514 233 000 210,000 
514 to 555 241,000 217,000 


enlarged diameter and radius will be 
reduced proportionally to the calculated 
stresses. Thus, the new peak stress 
would be 


36,300 


57.700 90) 000 56,800 psi 


The following discussion compares the 
effect of these maximum stresses on the 
life expectancy of the part 

In Fig. 26 the values for completely 
reversed cycles of stress for steel at a 
hardness range of 269 to 285 Bhn are 
plotted against life in cycles for sur- 
faces as forged, hot rolled, machined 
and ground. The problem at hand con- 
cerns as-forged versus machined sur- 
faces. The forged surface would be de- 
carburized and subject to usual surface 
defects. At 1,000,000 cycles, as before, 
the allowable stress for a forged surface 
as read from Fig. 26 is 22,000 psi, 
whereas for the machined surface it is 
46,000 psi both considerably less than 
the yield strength (101,000 psi) 

Figure 27 shows the relation between 
maximum stress and mean stress for 
forged and machined surfaces of the 
example part. At zero mean working 


Stress Concentration Factor, 
He for a Solid Circular Shoft 
witha Circular Fillet in 

> Bending 


Fig. 25. Stress Concentration Factor 
for a Shaft with a Circular Fillet 
for Quenched and Tempered Steels 
(Bending) 


Fatigue Strength at 1 Million Cycles, psi 


Type of Surface 


Ground Machined Hot Rolled Forged 
33,000 30,000 24,000 18,000 
39,000 34,000 25,000 19,000 
44,000 37,000 27,000 20,000 
46.000 38,000 27,000 20,000 
49,000 40,000 28,000 20,000 
51,000 42,000 29,000 21,000 
55,000 44,000 30,000 21,000 
57,000 46,000 30,000 22,000 
61,000 49,000 31,000 22,000 
64,000 51,000 32,000 23,000 
68,000 53,000 33,000 23,000 
74,000 57,000 34,000 24,000 
78,000 59,000 35,000 25,000 
82,000 62,000 35,000 24,000 
86,000 64,000 35,000 24,000 
88 65,000 34.000 22.000 
89 000 66,000 32,000 20.000 
£9,000 65,000 31,000 19,000 


Machined 


ess 


Stress 


Hot Rolled 


Forged 


269 to 285 Bhn 
/ 10 OO i000 
Fatigue Life,/OOO Cycles 


S 


Maximum 


Fig. 26. Fatique Strength for Steel 

of 269 to 285 Bhn with Ground, 

Machined, Hot Rolled and As- 
Forged Surfaces 


stress (complete reversal) the values 
are the same as in Fig. 26 for 1,000,000 
cycles. At the point in the upper right- 
hand corner of Fig. 27 where mean and 
maximum stresses are equal, the maxi- 
mum stress and the mean stress are 
both equal to the tensile strength of the 
steel, and thus the load is static 

In Fig. 27 the mean working stress 
of the original forging is represented 
by line 1, drawn from mean stress 57,700 
psi vertically to its intersection with 
line 3 to predict a maximum stress of 
69,000 psi for the forged surface, and 
drawn to its intersection with line 4 
to predict a maximum stress of 82,000 
psi for the machined surface. The stress 
of 82,000 psi is nearly equal to the 
maximum observed by strain-gage anal- 
ysis and thus is indicative of failure 


Machined 


Mean Stress ps 126 


Fig. 27. Maximum Stress Versus 
Mean Working Stress for Steel with 
Forged and Machined Surfaces 
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The vertical line 2 in Fig. 27 represents 
stresses in the redesigned forging for 
which the mean stress previously calcu- 
lated is 36,300 psi. The values on the 
appropriate vertical line 2 of Fig. 27 
show maximum working stresses of 
52,000 psi for the forged surface and 
69,000 psi for the machined surface 
The as-forged surface at 52,000 psi 
maximum working stress would not as- 
sure satisfactory life, since the recalcu- 
lated maximum stress is 56,800 psi. 
However, the machined surface with a 
maximum working stress of 69,000 psi 
gives a safe margin above the 56,800 
psi requirement for design stress. Inter- 
preting these values, the forged surface 
should have a life expectancy of 1,- 
000,000 cycles of stress. But since the 
load cycle was somewhat uncertain, the 


Table XIII. Length Tolerances for Un- 
forged Stems of Upset Forgings 


Maximum 
Length, in 


Minimum Plus 
Tolerance, in 


6 ‘ 0.062 

10 0.004 

20 0.125 

Over 20 0.156 
Minus tolerance is zero 


Sign), Allowances and Design Rules 
Forgings 


machined radius was chosen to obtain 
greater margin of safety. The foregoing 
discussion is diagrammed in Fig. 24 to 
show the values of calculated mean 
peak, and minimum stresses in the 
problem on the original lever and the 
redesigned lever. Since the lever was 
redesigned no failures have occurred 


Design of Hot Upset Forgings 


Hot heading, upset forging or, more 
broadly, machine forging consists pri- 
marily of holding a bar of uniform cross 
section, usually round, between grooved 
dies and applying pressure on the end 
in the direction of the axis of the bar 
by using a heading tool so as to upset 
or enlarge the end into an impression 
of the die. The shapes generally pro- 
duced include a variety of enlargements 
of the shank, or multiple enlargements 
of the shank and “re-entrant angle” 
configurations Transmission cluster 
gears, pinion blanks, shell bodies and 
many other shaped parts are adapted 
to production by the upset machine 
forging process. This process produces 
a “looped” grain flow of major impor- 
tance for gear teeth. Simple, headed 
forgings may be completed in one step 


while some that have large, configured 
heads or multiple upsets may require as 
many as six steps. Upset forgings are 
produced weighing from less than | Ib 
to about 500 Ib 

Rules governing tooling for the up- 
setting of bar stock and tubing without 
injurious bending and cold shuts are 
given on page 40 in the 1948 Metals 
Handbook 

Machining Stock Allowances. The 
standard for machining stock allowance 
on any upset portion of the forging is 
0.094 in., although allowances vary from 
0.062 to 0.125 in. depending on size of 
upset, material and configuration of the 
part (Pig. 28) 

Mismatch and shift of dies are each 
limited to 0.016 in. max. Mismatch is the 
location of the gripper dies with respect 
to each other as shown in Fig. 28. Shift 
refers to the relation of the dies to the 
heading tool 

Parting-line clearance is required in 
gripper dies for tangential clearance to 
avoid undercut and difficulty in the re- 
moval of the forging from the dies 
(Pig. 28) 

Tolerances for shear-cut ends have 
not been established. Figure 29 shows 
a shear-cut end on a 1\%-in. diam 
shank. Straight ends may be produced 
by torch cutting, hack sawing or abra- 
sive wheel cutoff at a higher cost than 
for sheared ends 

Corner radii should follow the con- 
tours of the finished part with a mini- 
mum of 1/16-in. radius. Radii at the 
outer diameter of the upset face are not 
required but may be specified as de- 
sired. Variations in thickness of the up- 
set require variations in radii, as shown 
in Fig. 30, because the source of the 
force is farther removed and the die 
cavity more difficult to fill. When a long 
upset is only slightly larger than the 
original bar size, a taper is advisable 
instead of a radius 

Fillets can conform to the finished 
contour in most instances. The absolute 
minimum should be ‘4 in. on simple 
upsets, as shown in Fig. 30 

Tolerances for all upset forged diam- 
eters are generally 4 1/16 in 0, ex- 
cept for thin sections of flanges and 
upsets relatively large in ratio to the 
stock sizes used where they are 3/32 
in 0. The increase of tolerances over 
the standard 1/16 in., 0 is some- 
times a necessity, because of variations 
in size of hot rolled mill bars, extreme 
die wear or complexity of the part 
Tolerances for unforged stem lengths 
are given in Table XIII 

Draft angles may vary from 1 to 7 
deg, depending on the characteristics 
of the forging design. Draft is needed 
to release the forging from the split 
dies and also reduces the shearing of 
face surfaces during transfer from im- 
pression to impression 

For an upset forged part that requires 
several operations or passes, the dimen- 
sioning of lengths is determined on the 
basis of the design of each individual 
pass or operation 

Design of Specific Parts. A study of 
designs already being manufactured by 
the hot upset method of forging may 
serve as a guide for development of 
similar applications, The following ex- 
amples illustrate typical excep- 
tions to general design rules 

It can be seen from Fig. 31 that the 
size of stock required to produce the 


some 


part determines the allowances required 
up- 
corner 


for 
set, 


finish machining 
diameter 


thickness of 
tolerances, and 
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Fig. 32 
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radii. The amount of upset stock 


required depends on bar size and de- 
termines whether the stock can be 
sheared, flame cut or torch cut, or 
separated by another method. Figure 
30 illustrates a few of the simplest forms 
of upset parts. 

Figure 32 shows a variation from the 
straight axle-shaft type of design where 
the beveled head of the upset is con- 
fined in the heading tool. This method 
usually requires that the design recog- 
nize a position in the forging where a 
flash or excess metal must be trapped 
between the dies and heading tool. This 
is indicated in Fig. 32 by the ‘s-in 
min dimension. Another problem en- 
countered in designs of the type shown 
in Pig. 32 is the filling of the barrel 
section at the point of transition from 
original stock size to slightly increased 
diameter. As noted, an additional 
amount for finish is required along 
with a generous radius. 


Table XIV. Recommended Size Limita- 
tions for Hot Extrusions Made of 
Carbon and Alloy Steel 


Inside Maximum Outside 
Diameter, Depth of Diameter 
in. Hole, in Range, in. 


7/16 % 


ly 4 21/32 to 15/16 
9/16 5 47/AAto 1 1/16 
13/16to 1 5/32 
11/16 5% to 1'4 
6 15/16to 1% 
6'% 1 1/16to 1 9/16 
1 6', 1 7/32to 123/32 
6%, 1% to 

2 2% to 3 

6% 225/32to 3% 

3 6% 3 4% 

4 7 4%, to 5% 

5 T's 5 7/l6éto 7 

6 620/GAto 8, 

7 715/42to 

Ty 8 31/64 to 10% 

9 to 12 

10 7% 10'y to 13'4 
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or 


The same problem, shown in Fig. 33, 
can be overcome by a taper blending 
from the bar size to the shoulder diam- 
eters. This type of design is expedient 
where the two diameters are within 
‘% in. of each other. 

Figure 34 is basically an axle-shaft 
type of forging with a long pilot. Since 
the pilot part of the forging must be 
carried in the heading tools, draft is 
required for withdrawal from the tool 
and usually should be no less than % 
deg. The length of the pilot determines 
the amount of draft, which may range 
to a maximum taper of 3 deg. Another 
design rule to be recognized is that the 
pilot diameter in the heading tool 
should be 1/16 in. larger than the bar 
diameter to allow the stock to bottom 
in the heading tool. Contingent on the 
number of passes required in producing 
the forging, plus the mill tolerance for 
the particular bar size, the pilot end 
diameter may require a maximum of 
% in. over the bar diameter. 

Figure 35 illustrates a typical trans- 
mission cluster gear forging. The drafts 
specified are a requirement for this type 
of upset forging, since the part must be 
carried in the die after being partially 
produced. Of necessity, the neck diam- 
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is determined by the 
required to produce the part, plus an 
allowance to make a fit with the head- 
ing tool similar to that of Fig. 34 


36 shows a 


radius 
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stock size 


required 


when the pilot end must pass into the 
header. A small radius on the heading 
tool can scrape off metal along part of 


the 


length 


of the 


bar end and forge 


the loose chips into the face of the 
forged flange 

Figure 37 illustrates minimum tapers 
and radii required for depressions in 
upset forgings. A larger draft angle or 
radius, or both, decreases possibilities of 


cold 


shuts 


Figures 38 to 41 show variations of 


Fig. 42. Straight 


Finish Line 


Extrusion 


Excess Runout 


+ 
ZZ, 


Extrusion 


Table XV. Tolerances for Straight Extrusions of Steel (See Fig. 44) 


Tolerance, Plus and Minus———--—— 


Weight of Inside Outside Bottom Total 
Forging, lb Diameter, in. Diameter, in. Thickness, in. Length 
02 0.005 0.005 0.010 +-1/32 
o4 0.005 0.005 0.010 +1/32 
06 0.005 0.005 0.010 + 1/32 
08 0.005 0.005 0.010 +-1/32 
10 0.006 0 006 0.012 + 3/64 
2.0 .0.008 0.008 0.015 +3/64 
40 0.010 0.010 0.020 +3/64 
6.0 0.012 0.012 0.025 +1/16 
9.0 0.015 0.015 0.031 +1/16 
12.0 0.018 0.018 0.036 +1/16 
15.0 0.020 0.020 0.040 + 
20.0 0.025 0.025 0.048 +i 
30.0. 0.030 0.030 0.060 + 
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Table XVL. Tolerances for Controlled Extrusions of Steel (See Fig. 45) 


—— —~Tolerance, Plus and Minus - 


Weight of 
Forging, ib 


Inside 
Diameter, in 


Outside 


0.2 0.010 0.010 
o4 0.010 0.010 
06 0.010 0.010 
08 0.010 0.010 
10 0.012 0.012 
20 0.016 0.016 
40 0.020 0.020 
60 0.024 0.024 
9.0 0.028 0.028 
12.0 0.031 0.031 
15.0 0.034 0.034 
20.0 0.038 0.038 
30.0... 0.045 0.045 


size and design of 
pierced or punched. In such forgings 
the required finish for machining of 
the holes fluctuates from 0.040 to 0.080 
in., according to size for parts that are 
to be broached. If the hole is machined, 
the standard amount of finish should be 
specified. This difference affects the 
final cost of the part. 

In Fig. 38 the draft allowances re- 
quired are similar to those of Fig. 35 


forgings that are 


i 
! 
eo Mismatch rir 
leg 
Fig. 44 to 46 (Above Left, Fig. 44) 


Dimensions 
in Table XV 
Dimensions 


Covered by Tolerances 
(Above Right, Fig. 45) 
Covered by Tolerances 
in Table XVI (Below, Fig. 46) 
Definition of Mismatch Tolerance 
in Terms of Total Indicator Reading 
for Values Given in Text (See Mis- 
match Tolerances, Last Column) 


Diameter, in. Thickness, in 


Nominal Draft 
Bottom Total Outside Inside 
Length, in. Draft, deg Draft, deg 
0.010 0.010 Otol Oto3 
0.010 0.010 Otol Oto3 
0.010 0.010 Otol Oto3 
0.010 0.010 Otol Oto3 
0.012 0.012 Oto2 lto4 
0.015 0.015 Oto2 lto4 
0.020 0.020 Oto2 2to5 
0.025 0.025 Oto2 2to5 
0.031 0.031 0to2 3to6 
0.036 0.036 Oto3 4to7 
0.040 0.040 0to3 5to8 
0.048 0.048 Oto3 6tod 
0.060 0.060 Oto3 7 to 10 


to facilitate removal of the part from 
the die during and after forging. In 
Fig. 38 the large diameter shows a tol- 
erance 1/32 in. larger than standard 
since the large flange that has been 
fabricated in the first pass must be car- 
ried in the die while the front flange is 
being upset. Carrying the flange from 
pass to pass requires clearance of the 
flange in the die, and as the punch en- 
ters the forging, there is some upsetting 
action of the back flange, creating a 
slight oval condition. The additional 
tolerance refiects not only die wear, but 
also ovality. This holds true for the 
neck diameter as well 

Figure 40 shows the amount of taper 
required when punching relatively deep 
holes. The length of the taper de- 
termines the amount of draft required 
to allow the punch to be withdrawn 
from the forging 

In addition to various types of sym- 
metrical forgings shown, some unsym- 
metrical parts are readily forged. These 
include bolts of many sizes and designs 


rod ends, trunnion forgings, steering 
sectors, universal joints, and a number 
of other parts with ends that have 


various shapes 


Table XVII. 


Design of Hot Extrusion 
Forgings 


Hot extrusion is used for making reg- 
ular or irregular cup-shaped parts. The 
two principal types of hot extrusions are 
called straight extrusion, in which the 
metal is unconfined as in Pig. 42, and 
controlled extrusion where the metal is 
confined as in Fig. 43. More draft is 
allowed in a controlled extrusion be- 
cause the flow of metal is restrained, 
and more stock allowed because a 
flash is formed 

The limitations of size for a range of 
small hot extrusions are shown in Table 
XIV. Tables XV and XVI list the rec- 
ommended dimensional tolerances ap- 
plicable to straight extrusions and 
controlled extrusions, respectively. The 
tolerances in Table XV refer to the di- 
mensions shown in Fig. 44 and the tol- 
erances given in Table XVI refer to the 
dimensions shown in Fig. 45. 

Mismatch Tolerances for a 02 to 08- 


is 


lb forging are 0.008 in.; 1.0 to 40-Ib, 
0.010 to 0.012 in.; 10-lb, 0.016 in.; 20-lb, 
0.022 in. and 30-lb, 0.026 in. Mismatch 


is defined in Fig. 46. Mismatch toler- 
ance must be added to other tolerances 

Machining Allowance for forgings up 
to 20 ft long, up to 12 in. OD and 5 in. 
ID are ‘» in. on length, 5/32 in. on the 
OD and % in. on the ID 

Mechanical Properties are dealt with 
in Tables XVII and XVIII and Pig. 47 
A part of the extrusion was die-forged 
and then extruded in the barrel section 
In the area where the effect of the ex- 
trusion operation began at the end of 
the die-forged or hammered area, the 
flow lines were very irregular and 
curved or bulged to the outside surface 

The extrusion was approximately of 
8-in. diam, 4 ft long, and with %-in 
wall thickness 

In straight extrusion there is no flash 
line; thus, transverse flash-line tests 
could not be made. 


Mechanical Properties of a Hot Extrusion at Various Locations and 


Orientations (4340 Steel) 
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Fig. 47. Location of Specimens Listed 


Table XVII and XVIII 


ef &¢ 
Code Location Orientation s “a” 
EB Open end Longitudinal 178,500 189.500 2 145 46.7 
OF!1-1 Open end Transverse 173,500 188,200 1 125 378 
OF1-2 Open end Transverse 171,000 189.500 1 10.0 343 
OE1-3 Open end Transverse 174,700 189,500 1 140 wo 
OE2-1 Open end Transverse 175,500 191,500 1 12.0 385 
OE2-2 Open end Transverse 175,500 190,200 1 125 378 
OF2-3 Open end Transverse 173,500 188,300 1 120 403 
ET Closed end (at bulge) Longitudinal . 176,500 189,500 2 140 470 
aCcE Closed end (at bulge) Longitudinal . 180.000 190.000 2 140 475 
3CE Closed end (at bulge) Transverse 176.170 188,600 1 12.0 467 
ICE Closed end Transverse 184,970 180,530 1 110 19.0 
5CE Closed end Transverse 176,900 189,380 1 125 “7 
(a) Specimens with 2-in. gage length were standard 0.505-in. diam. Specimens with 


l-in 


Table XVIII. 


Code 


end 
end 


gage length were subsize 0.250-in 


Location 


(bulge) 
(bulge) 
(bulge) 


J Open 

OE Open 

ET Closed end 

Closed end 
TCE-9CE Closed end 

3CcE Closed end 

ICE Closed end 

5CE 


Closed end 


Orientation 


Longitudinal 
Transv 
Longitudinal! 


erse 


Longitudinal 
Longitudinal 


Transverse 
Transverse 
Transverse 


diam 
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Izod Impact and Bend Properties of a Hot Steel Extrusion at 
Various Locations and Orientations 


Bend Angle, 
deg 


70 
37 
4 


56 


PAGE 75 


37,37 


q 
Jensile (CE 
ICE 
Tensile 
TT 
\ 
— 
> 
| 
al » r 
< 
Specimens OE (0 
y 
£ 22, 22 
165,15.17,165 
22, 22 
“45 = 
19.5 
16.0 
15.0 
15, 1955; 


Helical Steel Springs 


By the ASM Committee on Springs 


THIS ARTICLE deals with extension 
and compression springs, both cold 
wound and hot wound. The proper 
selection of spring steel wire and the 
principal considerations of spring de- 
sign are emphasized. 


Stress Computations 


Charts that recommend categorical- 
ly a design stress for a given spring 
steel can be a reliable guide for springs 
used in static service only, unless 
otherwise qualified. Charts of any sort 
are of value only when it is known 
whether the data are for springs with 
or without presetting, whether the 
cited nominal stresses have been in- 
creased by a “correction factor” or a 
“safety factor”, and to what wire size 
they apply 

The spring design formulas given 
in Table I are valid for extension and 
compression springs below the stress 
at which yielding begins. Much of the 
labor of computation in design can 
be eliminated by the use of “spring 
slide rules” 

When a helical spring is deflected 
by axial loading, the wire is in torsion 
or a combination of torsion and bend- 
ing. In a straight torsion bar spring 
of circular section, twisting produces 
a shear stress uniform at every point 
on the surface, but in a helical spring 
coiled from round wire the stress at 
the inside of the coil is higher. A 
failure at some other point usually is 
caused by a flaw in the surface of the 
wire. This nonuniformity of shear 
stress is evaluated by the Wahl cor- 
rection factor, K. 

The correction of nominal stress is 
small for springs of index, D/d, greater 
than 12, as shown in Fig. 1. Statically 
loaded springs that are not preset, 
and must not take a permanent set 
should be computed with the correc- 
tion factor only if the stresses are near 
maximum for the steel and if the 
spring index is low. The correction 
should always be made for springs 
subjected to fatigue loading. 


Compression Springs 


The usual types of ends for compres- 
sion springs are shown in Fig. 2, in 
order of increasing cost from (a) to 
(d). In addition, the cost of grinding 
increases with close tolerances on 
squareness and length. 

When springs are designed to work 
at maximum stresses, allowance should 
be made for the effect of the specified 
type of end on the spring stresses. For 
example, in a compression spring with 
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squared, or squared and ground, ends 
the number of active coils will not 
remain constant throughout the en- 
tire deflection of the spring, and this 
results in spring loading rate and 
spring stress different from those 
originally calculated. This is especial- 
ly important in springs having less 
than 10 coils, as changes in the number 
of active coils result in high percentage 
changes in stress. The number of ac- 
tive coils changes because part of the 
active coil adjacent to the squared 
end closes down solid and becomes 
inactive as the spring approaches the 
fully compressed condition. In designs 
where this is objectionable, loads at 
two positions of compressed length 
should be specified on the manufac- 
turing print in order to assure load 
rates and stress levels no higher than 
those calculated. The control of load 
in this way also controls the number 
of active coils and therefore the spring 
stress over the deflection range. If, 


Woh! Factor, 


6 


Spr ng index, i J 
Fig. 1. Values of the Wahl Correc- 
tion Factor. Spring index is diam- 
eter of spring, D, divided by 
diameter of wire, d 


in addition, close tolerances are speci- 
fied on other dimensions, manufac- 
turing costs will increase 

In springs working at high stresses, 
tolerances that do not increase cal- 
culated stresses should be liberal so 
that tolerances on other dimensions 
that might increase spring stresses 
may be held closely. Thus, if the num- 
ber of coils must be held closely in order 
to keep spring stresses in control, 
tolerance on free length with ends 
ground should be large 

Active Coils. The number of active 
coils equals the total number of coils 
less those that are inactive at each 
end. For plain ends ground, the num- 
ber of inactive coils depends on wire 
diameter and pitch of the spring. The 
number of active coils in a spring with 
plain, unclosed ends ground would ap- 
proximately equal the number of turns 
of the wire untouched by grinding 
One inactive coil on each end should 
be allowed in springs with squared 
ends, or squared ends ground. For 
springs of less than five coils, this 
rule should be applied with care; in 
some springs, the degree of squareness 
should be considered 

Solid Heights for types of ends (a) 
and (b) in Fig. 2 are computed by 
multiplying the wire diameter by the 
total number of coils plus one. Solid 
height of type (c) equals wire diameter 
times total number of coils plus 0.75 
In type (d) the solid height is equal 
to the wire diameter times the total 
number of coils. A spring should be 
designed so that the coils do not touch 
or clash, since this will induce wear, 
fretting corrosion and failure. The 
maximum solid height, specified pri- 
marily for inspection, should be de- 
termined after consideration of clear- 
ances and tolerances on wire size, to 
allow spring manufacturers to meet 
economically the requirements estab- 
lished for solid height 

Because square wire enlarges at the 
inner surface of the coil and becomes 
trapezoidal during coiling of the spring, 
calculation of solid height should be 
based on the maximum section thick- 
ness after coiling. This can be com- 
puted by the formula 


OD 
h, = 0.48 n( ') 
D 


where h is the original thickness of 
the square wire, OD is the outside 
diameter of the spring, D is the mean 
diameter of the spring, and h, is the 
new thickness after coiling 


Extension Springs 


Extension springs are usually close- 
wound with some initial tension at the 
discretion of the springmaker unless 
specified with definite space between 


2.0 + — + + + ] 

| 
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(a) Plain Ends 
(Coiled Right Hand) 


(Db) Squored or Closed 

Ends, Not Ground 


(c)Pioin Ends, Ground (4) Squared or Closed 
(Corled Left Hand) Ends, Ground 

Fig. 2. 
sion 


Types of Ends for Compres- 
Springs. Cost increases from 
(a) to (d) 


coils, or close-wound with no 
tension (difficult to accomplish), or 
close-wound with a definite initial 
tension, usually within +15%. In mak- 
ing stress calculations, initial tension 
is included in the load P, and if P 
is measured on a spring balance, in- 
itial tension is included in the meas- 
urement obtained. The lower curve in 
Fig. 3 shows the minimum stress for 
initial tension when added manufac- 
turing charges for this operation are 
to be minimized or avoided. The other 
two curves show maximum stresses for 
hard drawn wire and for oil-tempered 
wire. 

The necessity for fastening exten- 
sion springs to some other part may 
require secondary operations or a cost- 
ly fastening design. End hooks with 
sharp bends may have stress con- 
centrations that increase computed 
stresses in the spring by a factor of 
2 or 3 

End Hooks. A general approach to 
the selection of economical ends is 
shown in Fig. 4, in which 20 types 
of ends have been ranked from A to F 
in order of increasing cost 

Stresses in end hooks are a 


initial 


com- 


Table I. Design Formulas for Helical 
Extension and Compression Springs 
Round Wire Square Wire 


Stress for Statically Loaded Springs, psi 


2.55 PD 24 7D 

d' 

FGd POh 
232 


Stress Corrected by the Wahl Factor 
(Pig. 1), psi 


255rp [4c—1 0615 
d 4C—-4" C 


Wire Size for Given Load and Stress, in. 


55 PD 24 PD 
Ss 
Deflection of the Spring Under Load, in. 
8 5.58 PD'N 
Gd Gh 


Spring Loading at a Given Deflection, Ib 
, 
8 DIN 5.58 
Sd! Sh! 
2.55 D 24D 


S is nominal shear stress, in pounds per 
square inch; P is spring load or force, in 
pounds; )) is mean diameter of the spring, 
in inches (outside diameter of the spring 
minus the wire diameter); d is diameter of 
the wire, in inches; A is the size of the 
square wire before coiling, in inches; F is 
the deflection, in inches, under load P’; GC is 
the modulus of elasticity in shear (modu- 
lus of rigidity), equal to 115 million psi 
for ordinary steels and 10 million psi 
for stainless steel near room temperature; 
is the 
is the Wahl cor- 


N is the number of active coils; ¢ 
spring index 
rection factor 


D/d; and K 
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bination of torsion and bending. Ten- 
sile stresses diminish toward the body 
of the spring, where torsional stresses 
prevail. There is a region where they 
superimpose and are difficult to com- 
pute accurately. If the last coil of 
the spring adjacent to the end hook is 
reduced in diameter, the stress in the 
last coil and the end hook will usually 
be less than in the other coils 
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The bending stresses in the end hook 
may be calculated from the equation 


32 7R 
Ss 
nd 


where PR is the bending moment (load 
times moment arm from centerline of 
load application to centerline of wire), 
r. is the radius of the sharp bend meas- 
ured to centerline of wire and r, is the 
inside radius of the sharp bend. The 
ratio r_/r, is an approximate evaluation 
of the stress-concentrating effect of 
the conformation these radii describe 
The ratio indicates the destructive 
effect of a small radius r,. The smaller 
this radius, the higher the stress at the 
corner, other values being the same 
Because of the possibilities for over- 
extension and the stress concentration 
in the ends, allowable stresses are more 
likely to be exceeded in extension 
springs than in compression springs 
Therefore, allowable stresses 20% less 
than for compression springs are some- 


times recommended for extension 
springs. However, when stresses in the 
ends are accurately known and the 
stroke of the spring is controlled in 
design of the spring or the external 
parts, the same values for allowable 
stresses can be used for extension 


springs as for compression springs that 
have not been preset 


Cold Wound Springs 


Cold wound springs include most 


small extension and compression 
springs and are usually made of cold 
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drawn or pretempered wire of less than 
%-in. diam. A small number of springs 
are cold wound from annealed wire, 
hardened and then tempered after be- 
ing formed. 

Types of Wire. Steels for cold wound 
springs differ from other constructional 
steels chiefly in the degree of cold 
work, the higher carbon content, the 
fact that they can be furnished in 
pretempered condition (‘all of which 
increases strength), and in higher sur- 
face quality, which improves fatigue 
properties. The principal types are 
listed in Table IT. 

The grade known as “hard drawn 


Wire Diameter, in. 
Fig. 5. Relative Cost of Spring Wires. VSQ means valve spring quality 


spring wire” is the least costly spring 
wire. It is of comparatively low quality 
and not guaranteed to be free from 
surface imperfections such as hairline 
seams. This wire, in the hard drawn 
condition and not tempered, is used 
ordinarily for applications involving 
low stresses or static conditions 

Oil-tempered wire, a general-purpose 
wire, less resistant to the effects of 
plating than hard drawn spring wire, 
obtains its spring properties from heat 
treatment. It is slightly more expen- 
sive than hard drawn wire, and superior 
in surface quality and fatigue 

Music wire is the highest quality 


carbon steel wire for small springs. It 
is subject to the least damage by elec- 
troplating and, along with the wires 
of valve spring quality, is of the high- 
est surface quality. 

These three types of wire are used 
in the greatest number of applications 
For instance, among cold wound auto- 
motive spring applications, about 35% 
are oil-tempered wire, 35% music wire, 
and 25% hard drawn spring wire. 

Carbon steel wire of valve spring 
quality is the least costly of the valve 
spring wires, all of which have high 
surface quality. Chromium-vanadium 
steel wire of valve spring quality is 
superior to carbon steel wire of the 
same quality for service at 250 F and 
above. Springs of chromium-silicon 
steel wire can be used at temperatures 
as high as 450 F. 

Type 302 stainless steel, cold drawn, 
has high surface quality and heat re- 
sistance, as well as the best corrosion 
resistance of all the steels in Table II. 
However, type 316 is superior, particu- 
larly for resistance to pitting in salt 
water. Stainless steel springs are not 
interchangeable with other steel 
springs without making accompanying 
design changes so as to compensate for 
the difference in the modulus of rigid- 
ity, G. 

Carbon steel wire of valve spring 
quality and chromium-vanadium steel 
wires of both spring and valve spring 
quality can be purchased in the soft 
annealed condition to permit severe 
forming involved in springs of small 
spring index and sharp bends in end 
hooks, and can be quenched and tem- 
pered to spring hardness after forming. 
However, without expensive control of 
processing, such springs will have wider 


Table Il. Steels for Cold Wound Springs 


ASTM 
Desig- 

Trade Designation nation ¢ 
Hard Drawn Spring Wire ee A 227 0.45 to 0.75 
Oil Tempered Wire, Composition A A 229 0.55 to 0.75 
Oil Tempered Wire, Composition B ae A 229 0.55 to 0.75 
Music Wire... P abe A 228 0.70 te 1.00 
Carbon Steel, Vaive Spring Quality A 230 0.60 to 0.70 
Chromium-Vanadium Steel, 

Spring Quality ‘ A 231 0.45 to 0.55 
Chromium-Vanadium Steel, 

Valve Spring Quality . A 232 0.45 to 0.55 
Silicon-Manganese Steel, SAE 9260 ASS 0.55 to 0.65 


Chromium-Silicon Steel, SAE 9244... 0.50 to 0.60 
Stainless Steel, Type 302 - A313 0.15 max 


USUAL CONDITION Hard drawn spring wire, music wire 
and stainless steel are cold drawn; the larger sizes of stainless 
steel may be cold rolled, Oil tempered wire (compositions A and 
B), carbon steel of valve spring quality, chromium-vanadium steel 


Usual Sizes 


Mn Si Cr V or Ni in. diam 


0.60 to 1.20 
0.80 to 1.20 
0.60 to 0.90 
0.20 to 0.60 


0.10 to 0.30 
0.10 to 0.30 
0.10 to 0.30 
0.12 to 0.30 


0.028 to 0.500 
0.220 to 0.625 
0.020 to 0.218 
0.007 to 0.250 


0.50 to 0.80 0.12 to 0.30 0.080 to 0.375 
0.60 to 0.90 0.15 to 0.30 0.80 to 1.10 0.15 min V 0.028 to 0.375 
0.60 to 0.90 0.12 to 0.30 0.80 to 1.10 0.15t0025 V 0.032 to 0.437 
0.70 to 1.00 1.80 to 2.20 0.035 to 0.375 
0.50 to 0.80 1.20 to 1.60 0.50 to 0.80 0.035 to 0.375 
2.00 max 1.00 max 18.0 to 20.0 8.0 to 9.5 Ni 0.006 to 0.469 


of vaive spring quality, silicon-manganese steel, and chromium- 
silicon steel are quenched and tempered. Chromium-vanadium 
steel of spring quality is annealed, then cold drawn a small 
amount, quenched and tempered 


Table II. Minimum Tensile Strength Specifications of Steels for Cold Wound Springs'’ 


ASTM 


Trade Designation Designation 0.004 0.009 0.016 


Hard Drawn Spring Wire A 227 

Oil Tempered Wire, Composition A A 229 

Oil Tempered Wire, Composition B A 229 
Music Wire ; A 228 439 393 362 
Carbon Steel, Valve Spring Quality A 230 
Chromium-Vanadium Steel, 


Spring Quality A 231 
Chromium-Vanadium Steel, 

Valve Spring Quality A 232 295 295 295 
Silicon-Manganese Steel, SAE 260 A 
Chromium-Silicon Steel, SAE 9254. eee ; 
Stainless Steel, Type 302 A313 325 325 308 


(a) Applicable chemical compositions are given in Table I. It 
should be noted that the values given here relate to tensile 
strengths, not shear strengths, and therefore are not used directly 
as design values. (b) Applicable to 0.028-in. diam. (c) Interpolated 
value, (d) Applicable to 0.005 to 0.128-in, diam. (e¢) Applicable to 
0.129 to 0.162-in. diam. (f) Applicable to 0.163 to 0.192-in. diam. 
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-Minimum Tensile Strength for Diameters (in.) Listed, 1000 psi 


0.022 0.032 0035 0.063 0091 0135 O.177 0250 0312 0.375 


271' 265 261 237 220'") 206 195 182 174 167 

TT 180 178 175 

° 275 268 242 225 210 195 
345 327 322'*) 293 276'°' 258 238'*) 220 

seve 220% 205'*) 200'f) 


285 275 265 255 245 235 230 225 


295 295 292'*) 265‘°) 220'*) 235 222‘*) 209'*) 199 

275'") 265°») 255°") 250°") 245°») 240°") 235°") 230°) 

285'') 275°!) 265°!) 255'') 245°") 235 230'') 225 
296 277 273'*) 255'°) 240°) 217'*) 195 175 160 140 

(g) Applicable to 0.193 to 0.250-in. diam (h) Representative 
minimums. The specification does not list values of minimum 
tensile strength. (i) The specification does not list values for 
minimum tensile strength, Acceptable values for regular temper 
of Rockwell C 47 to 51 are shown. For special temper of Rockwell 
C BO to M4, values are 20,000 psi higher. 


dimensional spread, greater hardness 
variations, and lower surface quality 
than will those of hard drawn or oil- 
tempered wire 

Springs made of music wire, oil-tem- 
pered wire or hard drawn wire should 
be heated in the range between 350 F 
and 750 F, but preferably at 500 F for 
30 min or longer as soon as possible 
after coiling, to relieve stresses. Type 
302 stainless steel springs should be 
heated at 750 to 800 F for 30 min or 
longer to relieve stresses resulting from 
the coiling operation 

Specifications. The steels shown in 
Table II exhibit much greater differ- 
ences in fatigue performance than in 
performance in static applications. The 
similarity of composition of the first 
five steels shown emphasizes that per- 
formance differences depend on high 
surface quality rather than on differ- 
ences in composition. Nor are the mini- 
mum tensile strengths notably differ- 
ent, as shown in Table III. 

Specification requirements for these 
wires call for twist, coiling, fracture or 
reduction of area tests in addition to 
the minimum requirements for tensile 
strength Surface requirements are 
specified in terms of visual examina- 
tion. Sometimes this examination is 
made after an acid etch to remove 1% 
of the wire diameter. 

Inspection. Magnetic particle inspec- 
tion is the most reliable and practical 
nondestructive inspection method for 
springs that involve human safety or 
for other reasons must not fail because 
of surface defects. The inspection is 
always concentrated selectively on the 
inside of the coil, which is more highly 
stressed than the outside and the most 
frequent location of failure. 

Freedom from surface defects is of 
paramount importance in some appli- 
cations of highly stressed springs for 
shock and fatigue loading, especially 
where replacement of a broken spring 
would be difficult and much more costly 
than the spring itself 

Decarburization. Total loss of carbon 
from the surface during a heat treating 


process is infrequent in modern wire 
mill products. Partial decarburization 
of spring wire is often blamed for 


spring failures, but quench cracks and 
coiling-tool marks are more frequently 
the actual causes. In wires of valve 
spring or aircraft quality, a decarbur- 
ized, ferritic ring around the wire cir- 
cumference is a basis for rejection 

Cost of Spring Steels. The relative 
costs of various spring steels in the 
form of round wire are given in Pig. 5 
The amount of material in a spring 
can be minimized by designing for the 
highest safe stress level. From the equa- 
tion for volume of material, 


V = Spring Energy (4G/S"*), 


a reduction of 5% in stress level in- 
creases the volume of material 11% 
Cost of Springs. Tolerances are often 
the most important factor in spring 
cost, and should be selected with cost in 
mind. Tolerances superimposed on tol- 
erances are especially costly. For ex- 
ample, if a free length tolerance were 
specified in addition to load tolerances 
at each of two deflections, the cost of 
manufacturing the spring could be 
much higher than if free length toler- 
ance were unspecified. Important di- 
mensions can sometimes be held at no 
additional cost by allowing wider toler- 
ances elsewhere. The tolerance on 


Oo 20 40 60 80 100 20 /40 160 
ad 
Fatigue Limit Ronge r 
/40 
120% 
100} 
S 
Stress Range 
& + ~+ + ++ + 
2 
= 60 ++ 
> ' 
40} 
20 
Min Stress Reference Line 
LJ 
0 20 40 6C 8 r 
Minimum Stress, ‘OOO psi 
Fig. 6. Fatigue Limits for Music Wire Springs. Table IV gives conditions, 
Table IV. Descriptions of Springs for Which Test Data Are Shown in Fig. 6 
Wire Spring Total 
Spring Diam, OD, Spring Free Total Active Number 
No. in in Index Length Turns Turns Tested 
1 0.032 0.375 10.7 0.87 60 42 16 
2 0.032 0.250 68 1.062 70 52 26 
3 0.048 0.625 12.0 1.75 74 52 38 
4 0.102 0.875 76 237 70 52 43 
5 9.121 0.875 62 2.25 75 5.7 35 
6 0.177 0.875 49 2.25 75 5.7 25 


Data shown in Fig. 6 are average fatigue limits from S-N curves for 185 unpeened 


springs of various wire diameters run to 10 million cycles of stress 
the Wah! correction factor 


rected for curvature using 
coiled, with one turn squared on each end 


then baked at 500 F for 
ends were ground perpendicular to the spring axis 


All stresses were cor- 
The springs were automatically 
l hr after which the 
The test load was applied statically 


to each spring and a check made for set three times before fatigue testing. The springs 


were all tested 
second. After testing 
Number 4 springs 


10,000,000 stress cycies but the stresses we 


None of the other springs showed appreciable set 


were according to ASTM A 228 


spring diameter and pitch are the least 
expensive to hold 

Stress Range. In most spring appli- 
cations the load varies between an 
initial and a final condition. For exam- 
ple, an automotive valve spring is com- 
pressed initially during assembly, and 
during operation it is compressed cycli- 
cally by an additional amount each 
time the valve opens. 

The shear stress range (that is, the 
difference between the maximum and 
minimum stress of the cycle to which a 
helical steel spring may be subjected 
without fatigue failure) decreases 
gradually as the minimum and maxi- 
mum stresses of the loading cycle in- 
crease. The allowable maximum stress 
increases up to the point where perma- 
nent set occurs. At this point, the 


maximum stress is limited by the oc- 
currence of excessive set. 


in groups of 6 on the same fatigue testing 
the unbroken springs were again checked 
tested at 155,000 psi max stress, had undergone about 244% 


re 


machine 
for 


at 
set 


10 cyeles per 
and recorded 
set after 
this into account. 
The tensile strengths of the wires 


not recalculated to take 


Figure 6 shows a fatigue diagram for 
music wire springs of the various wire 
diameters and indexes described in 
Table IV. In this diagram the 45-deg 
line OM represents the minimum stress 
of the cycle, while the plotted points 
represent the fatigue limits for the re- 
spective minimum stresses used. The 
vertical distances between these points 
and the minimum stress reference line 
represent the stress ranges for music 
wire springs 

In fatigue testing some scatter may 
be expected. The width of the band in 
Pig. 6 may be attributed partly to the 
normal differences in tensile strength 
of the wires with change in wire diam- 
eter. There appears to be a trend 
toward higher fatigue limits for the 
smaller wire sizes. Line UT is drawn so 
as to intersect line OM at the average 
ultimate shear strength of the wires 
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Safe maximum stresses for a mini- 
mum of 10 million cycles of stress will 
be somewhat lower than the fatigue 
limit band chiefly because of such fac- 
tors as tolerance variations in the wire, 
especially with regard to surface con- 
dition, and the spring itself and its 
manufacture, as referred to elsewhere 
in this article 

Commercial tolerances on spring wire 


140 T 

120 
a Range Added b | 


Shot Peering 


ad 


Moximum Stress, O00) 
a 


20 Min Stress Reference Line 


20 40 60 80 100 720 740 


Minimum Stress, (OOO psi 


v4.7 Safe Ranges of Shear Stress 

Corrected ) jor Springs Made from 

Valve Spring Quality Wires of Less 
than 0.207-In, Diam 


~ 
100 
Shot Peened 
2 40 
60 
Unpeened 
40 Minimum Stress 
Kelerence Line 
#0 
9 
20 40 60 100 


Minimum Stress, psi 


Fig. 8. Safe Ranges of Shear Stress 

for Type 302 Stainless Steel Springs 

Using Wahl Corrected Stresses for 
Peened and Unpeened Springs. 


1/80 T 
Cr Si, VSO 
170 
Cr-V,. VSO 

> /60 
a Music Wire and 
9S Carbon, VSO 
*Peened 


Cr 


VSO 
\Unpeened 
Music Wire, | 
Carbon, VSO and 
Cr-v, VSO 


Moximum Stress, 
% 


100% initial Working Stress 
20,000 ps 


10° 10 
Cycles to Failure 


Fig. 9. S-N Diagrams for Peened and 
Unpeened Springs of Spring Index, 
Did, Less than 10 and with Mini- 
mum Working Stress 20,000 Psi 
(Stresses Computed with Bending). 
All wires of high surface quality 
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will also affect the selection of allow- 
able stress for a production spring. For 
instance, the 0.0005-in. tolerance on 
0.032-in. diam music wire gives rise to 
a stress variation of 4'2%. In addition 
stresses may vary proportionately with 
load tolerance from 7 to 15%, depend- 
ing on the number of coils in the 
spring. Tolerances on number of coils, 
squareness and spring diameter also 
permit stresses different from those 
calculated. For these reasons, stresses 
near the upper fatigue limits, as shown 
in Fig. 6, may be unsafe for some kinds 
of applications 

Figure 7, which gives recommended 
stress ranges that include a safety fac- 
tor for individual spring variations, is 
applicable to carbon steel or chromium- 
vanadium steel, both of valve spring 
quality. In using this chart for valve 
springs or other springs likely to surge 
or vibrate within the coils, the wire 
size for a given spring rate should be 
the minimum that falls in the area of 
safe stress range. This condition results 
in a spring having the highest natural 
frequency 

Stress ranges for type 302 stainless 
steel are given in Fig. 8. The effect of 
shot peening is shown, but allowances 
from the average must be made for 
wire size, spring index, and the absence 
of presetting. 

Designing for Definite Life. To de- 
sign a spring for infinite life when it is 
not required is a waste of material 
Such springs can be designed to the 
desired life by using an appropriate 
fatigue curve or S-N diagram to give 
an approximation of allowable stresses 
Fig. 9 shows S-N diagrams for springs 
made from several types of wire having 
high surface quality. Grades of steel in 


/8O 
S Music Wire 
/60 Spring Wire 
2/40 \ OT Carbon Spring Wire 
» 
80 
HMO Spring Wire 
5 60 
Wire ameter, in 


Fig. 10. Limiting Shear Stresses for 

Unpeened, Not Preset Compression 

Springs for Less than 10,000 Appli- 

cations of Load. Original test data 
were 10% higher. 


which seams or scratches up to 4% of 
the diameter or 0.010 in. deep are per- 
mitted cannot be selected on the basis 
of S-N data because the effects of such 
defects on spring life are too variable 
Such wires should be used only for 
static applications or for springs that 
are designed for less than 10,000 load 
applications. 

The data of Pig. 9 show, for various 
cycles to failure, the approximate al- 
lowable stress above which the proba- 
bility of failure increases rapidly. Al- 
though a reliable selection of allowable 
stress can generally be determined from 
this diagram, the optimum stress can be 
determined only by testing sample 
springs that have been fabricated by 
the actual sequence of operations 
employed in full-scale production 

Static Loading. The values in Fig. 10 
can be used as uncorrected stress for 


/80 
Cr-Si, VSO Carbon, VSO ) Stainless Stee/, Type s02| 
/40 Cr-v, VSO 
: Music Wire Music Wire 
60 
250F 350 
T/ Tool Stee/ ] 
« Sfainiess Stee/ S 
= Type 302 
« /00 | 
Stainless Steel, | 
60 Type 302 | 
450F 600F 
4) 6 6 0 f2 40 2 a 6 8 0 4 


Percentage 


Loss of load 


Fig. 11. Effect of Temperature on the Percentage Load Loss of Springs 
Based on tests of thousands of springs. The steels are: (ASTM) A228, music 
wire; A230, carbon steel, valve spring quality; A232, chromium-vanadium steel, 


valve spring quality; A313, type 302 
steel, valve spring quality; T1, high 
rected. All springs were stress relieve 


stainless steel; 9254, chromium-silicon 


speed tool steel. All stresses Wahl-cor- 


after coiling, none were shot peened 


and all were at the indicated temperatures at least 72 hr 


Table V. Performance of Highly Stressed, Shock-Loaded Music Wire Springs 


Max Stress 
Stress,‘*’ Range,'*’ 
1000 psi 1000 psi 
160 
140 100 
157 101 
161 115 
163 83 
170 87 
137 81 
132 
(a) Uncorrected (b) Seven-stre 


Wire Spring Cycles to 
Diam, Index Excessive 
in D/d Set 

0.090"" 39 2000 
0.098 68 4000 
0.037'") 34 5000 

. 0.148 63 4000 
0.053 66 6000 
0.038 65 6000 
0.062‘») 48 7500 
0.055 5.1 5000 
and wire. (c) Three-strand wire 


¥ 
| 
Sate 
Range | 
ia | 
. “4 


static loading of unpeened springs and 
for designs involving less than 10,000 
load applications. For extension springs 
having adverse end-hook bends, the 
values should be reduced by 20% 

Most compression springs are preset 
to permit use at higher stress. Com- 
pression springs can be made to close 
solid without permanent set, and with- 
out presetting, if the shear stress in the 
fully compressed spring is less than 
about 45% of the tensile strength of the 
wire. The maximum shear stress ob- 
tainable in a fully compressed spring 
that has been preset is about 33% 
higher, or approximately 60% of the 
tensile strength of the wire. Presetting 
will save 40% of the steel otherwise re- 
quired. This saving is usually more 
than the cost of presetting for wire of 
more than ‘%-in. diam. A second ad- 
vantage is that less space is required 
for the spring. However, presetting is 
not recommended for springs required 
to hold a definite load within narrow 
tolerances for a long period of time 

Ordnance springs are typical of 
many long-stroke springs having lim- 
ited space requirements in addition to 
limited life requirements and subjected 
to shock loading. Stranded wire springs 
have sometimes been used because of 
their inherent damping and the accom- 
panying availability of either higher 
spring forces at the same stress levels, 
or lower stresses at the same loads. 
However, stranded wire springs have 
the serious disadvantages of high cost 
and chafing between coils. Stress level, 
stress range and “life” ‘until set be- 
comes excessive) of some springs used 
at high stresses including some 
stranded wire springs, are listed in 
Table V. The “life” of these springs is 
not entirely dependent on maximum 
operating stress and stress range but 
is also affected by the shock-loading 
cycle that is exerted by the ordnance 
application 

Shot Peening of springs improves 
fatigue strength by prestressing the 
surface in compression and can be ap- 
plied to wire of 1/16-in. diam and more. 
It is effective on surfaces with shallow 
defects. The effect of shot peening may 
be noted in Fig. 7, 8 and 9. In both 
compression and extension springs, the 
important surface to be blasted is the 
inside of the spring. The kind of shot 
used is less important than other fac- 
tors, such as the duration of peening 
The effect of shot peening is removed 
at temperatures above 500 F. For fur- 
ther information on shot peening, the 
reader may refer to the article on page 
104 of the 1954 Supplement to the 
Metals Handbook 

Heat Resistance. Tests of thousands 
of springs under various loads at ele- 


vated temperatures are summarized in 
Fig. 11. Plain carbon spring steels of 
valve spring quality are reliable at 
stresses up to 80,000 psi (corrected) at 
temperatures no higher than 350 F, in 
wire sizes not greater than % in 
Slightly more severe applications may 
be successful if springs are preset at 
the operating temperature with loads 
greater than those of the application 


Plain carbon spring steels of valve 
spring quality should not be used at 
temperatures above 400 PF. 

Except for high speed steel, these 


tests revealed no advantage in springs 
heat treated after coiling compared 
with those at the same hardness values 
made of pretempered wire and properly 
stress relieved 

Electroplating can cause hydrogen 
embrittlement of springs. Hence, baking 
for 1 to 3 hr at 350 to 400 F is recom- 
mended immediately after plating, and 
before any flexing, to remove hydrogen 

For further discussion of the allevia- 
tion of effects of hydrogen in springs, 
the reader may refer to page 100, in 
the article on coatings in this Supple- 
ment. 


Hot Wound Springs 


Most hot wound springs are made 
from carbon steel in the hot rolled con- 
dition; for some applications bars are 
centerless ground before coiling. The 
usual size of wire or bar is % to 3-in 
diam. Steels 1090 and 1095 are the most 
widely used 

A typical compression spring is 
wound to a free height in excess of the 
specified final dimension, hardened, 
tempered, and compressed solid several 
times to preset the spring to the final 
free height specified. Presetting leaves 
residual stresses opposite to the direc- 
tion of service stresses at the position 
of maximum stress. Therefore, when a 
load is applied to a preset spring, it 
first reduces this negative residual 
stress to zero before positive stresses 
are developed. Thus, the useful range 
of stress is increased 

Steels. In the railroad industry, 1095 
steel is used almost exclusively for 
freight car suspension and draft gear 
springs. The 5100, 8600 and 9200 grades 
of alloy steel predominate in passenger 
car and locomotive suspensions. For 
earthmoving and general industrial ap- 
plications, the most common alloy 
grades, in the order of usage, are 5100 
(because of cost), 51B00, 8600, 9200, 
6100 and, recently, 4100 for bars of 
more than 2-in. diam. In the automo- 
tive industry, centerless ground, and 
sometimes precision rolled, alloy steel 
is in extensive use 

Selection of Steel. Hardenability 
bands are used as a basis for alloy steel 


Table VI. Temperature mange for Forming, Quenching and Tempering 
of Hot Wound Springs 


Temperature 


Quenching 


Tempering Hardness 


for Forming, Temperature,'*’ Temperature, Range, 

Steel deg Fahr deg Fahr deg Fahr Bhn 

1085 1600 to 1800 1600 to 1650 750 to 850 444 to 388 
1005 1600 to 1800 1600 to 1650 750 to 850 444 to 388 
9260 1600 to 1800 1600 to 1650 800 to 925 514 to 415 
9262 1609 to 1800 1600 to 1650 825 to 925 477 to 415 
5150 1600 to 1650 1500 to 1550 775 to 825 461 to 415 
5160 1600 to 1650 1500 to 1550 775 to 875 461 to 415 
51 B60 1650 to 1800 1500 to 1550 775 to 850 461 to 415 
6150 1600 to 1800 1600 to 1650 800 to 925 477 to 415 
8650 1600 to 1650 1500 to 1550 775 to 825 461 to 415 
8660 1650 to 1800 1500 to 1550 800 to 875 461 to 415 
4150 1600 to 1650 1500 to 1550 775 to 825 461 to 415 


(a) Quench in oil at 110 to 140 F 
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Fig. 12. Probability of Failure of Hot 
Wound Springs Made from 5/8 to 
1 1/16-In. Diam 8650 and 8660 Hot 
Rolled Steel and Heat Treated to 
between 429 and 449 Bhn. Shot peen- 
ing was to an average arc height of 
0.008 in. on the type C Almen strip 
at 90% visual coverage. The upper 
graph shows 95% probability of fail- 
ure, the middle graph 50% and the 
lower graph 5% 


selection, with a criterion of Rockwell 
C 50 minimum center hardness in the 
as-quenched bar. (The reader may 
refer to the article “Selection of Con- 
structional Steel", pages 1 to 20, 1954 
Supplement to Metals Handbook, for 
recommended procedures in selecting 
steel on the basis of hardenability.) 
Fatigue. Stress range is of much 
greater importance than mean stress in 
determining the fatigue life of hot 
wound springs. Many fatigue data have 


been accumulated that concern large 
hot wound springs made from bars 
with commercial hot rolled surfaces, 


Probably because of surface defects, the 
scatter of results is wide and interpre- 
tation is difficult. Typical results are 
given in Pig. 12 

The effect of seam location, as deter- 
mined by magnetic particle inspection, 
has been evaluated by comparing 
seamed springs with control springs 
having no seams: Springs with seams 
at the inside diameter of the spring 
had 48% of normal life; those with 
seams at the mean diameter, 57% of 
normal life; and with seams at the out- 


side diameter, 84% of normal life 
These results may vary with the D/d 
ratio. Springs with large index will be 


more sensitive to defects on the outside 
diameter 

Decarburization is detrimental since 
it increases the tendency of the spring 
to take a permanent set 

Heat Treatment. Temperature ranges 
for coiling, quenching and tempering 
are given in Table VI. Springs may be 
quenched directly from the coiling 
operation or coiled at the temperature 
shown, allowing the spring to cool in 
air until it becomes distinctly black, 
and then to reheat in a suitable fur- 
nace for hardening. Hot wound springs 
may be quenched individually in fix- 
tures in agitated oil at 110 to 140 PF, re- 
moved when the surface is at 250 to 
400 F, and tempered immediately 
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Surface Finish of Metals 


By the ASM Committee on Surface Finish 


SURFACE FINISH may be defined 
as the deviation from an ideally smooth 
condition of the exterior or boundary of 
an object. This deviation is measured 
in terms of roughness and waviness 
with respect to lay 

Roughness, waviness and lay are 
classified in ASA Standard B46.1-1955, 
“Surface Roughness, Waviness and 
Lay” 

Other characteristics could be used 
to evaluate surface finish, such as 
reflectivity, percentage of contact with 
a mating surface under controlled pres- 
sure, friction against another specified 
material, ability to generate noise or 
vibration in some specific application, 
or resistance to indentation for a given 
hardness and pressure. 

Roughness is the relatively finely 
spaced deviations or irregularities that 
establish the predominant surface pat- 
tern. Although the ASA standard states 
that roughness height is to be rated in 
micro-inches (millionths of an inch) 
arithmetic average deviation from the 
mean surface, some instruments still 
measure the root-mean-square (rms) 
average deviation from the mean sur- 
face. This method of expressing sur- 
face roughness appears occasionally in 
technical publications. The rms aver- 
age is about 10% greater than the 
arithmetic average. 

Waviness is the irregularities of 
greater spacing than roughness. The 
ASA standard recommends that wavi- 
ness height be rated in inches peak-to- 
valley distance, but much use is made of 
measurements in micro-inches average 
departure from the mean surface. 

Lay is the direction of the predomi- 
nant surface pattern 

Roughness and waviness readings are 
usually taken in a direction which gives 
the maximum reading. This is normally 
across the lay. The maximum width of 
surface irregularities to be included in 
a measurement of roughness height is 
specified as the roughness width cut- 
off. The closely spaced irregularities 
measured as surface roughness are gen- 
erally visible to the eye. The more 
widely spaced irregularities, waviness, 
are not easily detected visually and 
may be of either greater or smaller 
magnitude than roughness. 

When the lay of a surface has a pro- 
nounced direction, as is generally true 
for finishes produced by some form of 
machine tool, it is important to know 
the direction with respect to the lay in 
which the surface finish measurements 
are taken. It is important, too, in some 
applications, to have the lay in a cer- 
tain direction. 


Symbols and Conventions 


Symbols and conventions that have 
been accepted generally for the de- 
scription and specification of surface 
finishes are presented in the ASA 
standard. The symbol used to designate 
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surface finish is the check mark with a 
horizontal extension, as shown in Fig. 1. 
Roughness, which is the more common 
surface parameter, is specified by in- 
serting the height rating at the left of 
the long leg. If there is a maximum 
and minimum rating, the two numbers 
are inserted, one above the other. If a 
waviness specification is to be used, the 
maximum height rating is placed above 
the extension on the symbol. The des- 
ignation for lay is placed under the ex- 
tension and defines the direction rela- 
tive to the normal surface as follows: 


Parallel to the boundary 
Perpendicular to the boundary line 
Angular in both directions to the 
boundary line 
Multi-directional 

> Approximately circular relative to 
center of the nominal surface 

R Approximately radial relative to 
the center of the nominal surface 


Provision is also made in the symbol 
for stating widths of roughness and 
waviness, and the roughness width cut- 
off, which is the maximum width (‘in 
inches) of surface irregularities to be 


Woaviness Height Waviness Width 


Roughness Height Roughness - Width 
(Arithmetical Avg) 

Lay 

Roughness Width 


Roughness Height 
Waviness 
Height 
Roughness 
Width 


Woaviness 
Width 


Roughness -Width 
Cutoff 


Fig. 1. Relation of Specification 
Symbols to Characteristics of Sur- 
face Finish 


This is a new subject for the 
ASM Metals Handbook 


included in the measurement indicated. 
Often only the roughness height will be 
specified, but the symbol is flexible 
enough to allow specifying other sur- 
face characteristics when necessary. 

An effort has been made to obtain 
some conformity in the surface finish 
ratings that are specified, rather than 
have these selected at random. A series 
of values recommended by the ASA 
standard are listed in Table I 


Instruments 


Most of the instruments available for 
measuring surface finish employ elec- 
trical amplification of the motion of 
a stylus tracer. A block diagram of 
the arrangement of an instrument of 
this sort is shown in Fig. 2. There are 
a number of different instruments 
available with slightly varying charac- 
teristics, some indicating only, and 
some recording. Since most surfaces 
are complex and contain irregularities 
over a wide range of sizes, the slightly 
different instrument characteristics 
sometimes influence a numerical eval- 
uation of surface roughness to some 
extent. 

The particular type of instrument to 
be used depends largely on the infor- 
mation desired from the measurement. 
For production purposes, or an evalu- 
ation based on magnitude only, indi- 
cating instruments generally 
satisfactory. To determine such charac- 
teristics as spacing of irregularities and 
shape of the profile, graphic records are 
necessary 

Most of the instruments for measur- 
ing surface roughness support the trac- 
er on skids which bear directly on the 
surface being measured. Since the ra- 
dius of the skids is large in comparison 
with the width of the irregularities 
measured as roughness, there is virtu- 
ally no vertical displacement of the 
skids, whereas the stylus follows the 
deviation of the surface roughness from 
the mean condition. The vertical move- 
ment of the stylus generates a signal 
that is amplified and indicated or re- 
corded as the surface roughness 

There should be no relative displace- 
ment caused by dirt or vibration be- 
tween the tracer skids and the surface 
being measured. Variations in tracing 
speed produce variations in the rough- 
ness width cutoff and may result in 
erroneous measurements. Tracers may 
be traversed by hand but a suitable me- 
chanical drive is recommended, since it 
assures more uniform velocity of mo- 
tion. To assure the over-all accuracy 
of the instrument, it should be checked 
against known reference specimens, 
preferably having a surface roughness 
of the same order of magnitude as that 
of the work. 

The closest spacing of irregularities 
that will be included in the measure- 
ment made by an instrument is deter- 
mined primarily by the sharpness of 
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the stylus used to trace a surface pro- 
file. However, if a stylus is sharp 
enough to detect extremely closely 
spaced irregularities, it will be fragile 
and will wear rapidly. A stylus radius 
of 500 micro-in. is conventional for 
most measurement, although other 
radii may be selected 

The ASA standard recommends that 
radii be chosen from the series 100, 500, 
5000, 50,000, and so on, micro-in. The 
smaller stylus radii are used where it is 
desirable to know something of the 
effect of the more closely spaced irregu- 
larities. Larger radii are satisfactory 
where only the more widely spaced ir- 
regularities are important 

The maximum width of irregularities 
that will be measured may be deter- 
mined by the low-frequency character- 
istics of the electrical circuits or the 
speed of tracing, and the reference 
plane provided, from which the devia- 
tions are measured. The use of skids 
resting on the surface being measured 
is satisfactory for irregularities in the 
range of surface roughness. For more 
widely spaced irregularities included 
in a waviness measurement, it is usu- 
ally necessary to provide a separate 
reference plane for the tracer 

When measuring relatively soft ma- 
terials, some consideration must be 
given to the pressure of the stylus on 
the surface; if the unit pressure is suf- 
ficient to indent the material, erro- 
neous readings will be obtained 

Most instruments limit the maxi- 
mum width of irregularities that will 
be measured (roughness width cutoff) 
to 0.030 in. Irregularities spaced more 
than 0.030 in. apart will not contribute 
to the measurement at all, or their 
effect will be attenuated. The ASA 
standard gives preference to the 0.030- 
in. roughness width cutoff, but values 
of 0.003, 0.010, 0.100, 0.300 and 1.000 in. 
are also mentioned and used 

An example of the use of a roughness 
width cutoff closer than 0.030 in. might 
be the measurement of surface rough- 
ness as an aid in controlling fatigue 
resistance of a surface subjected to 
variable tensile stresses. With metals 
that are especially sensitive to scratch- 
es, the closely spaced irregularities may 
provide the principal contribution to 
any increase of stress gradient causing 
fatigue failure, and if so it would be 
desirable to use 0.003-in. cutoff 

If two extensive surfaces must mate 
together, a measurement of roughness, 
or perhaps waviness, should be made 
with a longer width of cutoff to insure 
contact of a larger number of points 
on the two surfaces. 

Although it is preferable to deter- 
mine surface roughness by means of 
an instrument, this is not always feas- 


Table I. Recommended Values of 
Roughness and Waviness 


Roughness Height, micro-in. 


0.25 5 20 80 320 
0.50 6 25 100 400 
1 & 32 125 500 
2 10 40 160 600 
3 13 50 200 800 
4 16 63 250 1000 


Waviness Height, micro-in. 


20 80 300 1,000 5,000 15.000 
30 100 500 2,000 8.000 20,000 
800 3,000 10,000 


Bold-faced numbers are preferred values 
of roughness height 
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Fig. 2. Instrumentation for Meas- 


uring Surface Roughness 


Fig. 4. Comparator for Judging Finish on Cast Surfaces 


ible. Roughness comparison specimens 
can be used to evaluate approximate 
surface roughness having the charac- 
teristics of typical machined surfaces 


It is important that the roughness 
comparison specimen have an appear- 
ance similar to the surface being eval- 
uated. The ASA standard describes 
such specimens and gives the following 
values of preferred roughness height 
2, 4, 8, 16, 32, 63, 125, 250, 500 micro-in 

Precision reference specimens for 
checking the accuracy of measuring in- 
struments are also described in the 
ASA standard. The normal surface 
profile of these consists of a series of 
isosceles triangles having included an- 
gles of 150 deg, as shown in Fig. 3. The 


Fig. 3. Profile of Precision Rejer- 


ence Specimen 


precision reference specimens are not 
intended for use in visual or tactual 
evaluations of finishes since they do 
not have the appearance or character- 
istics of commonly produced surfaces, 


Cast Surfaces 


Micro-inch roughness designations 
with instruments in current use for 
measuring other types of surfaces have 
been found unsatisfactory for specify- 
ing finishes on as-cast surfaces. A tech- 
nical committee of the Aircraft Indus- 
tries Association has recently published 
a tentative specification for a cast sur- 
face comparator, which enables visual 
and tactual comparison between pro- 
duction castings and the standard sur- 
faces of the comparator (Fig. 4). Table 
II gives the approximate micro-inch 
equivalents for the “C-numbers” of the 
cast surface comparator 


Selection of Surface Finish 


Considering roughness as the only 
surface requirement, four classes of ap- 
plication may be distinguished 


1 Part for which a specific range of 


roughness, or a specific kind of rough- 
ness, produces the best performance, 
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Table 11. Comparison of Roughness 
Designations for Cast Surfaces 


Approximate 

Micro-Inch 

C-Number‘*) Equivalent 
ves 20 
C-30 120 
Cc-40 200 
C-50 $00 
. 420 
C-70 560 
C-80 720 
900 


(a) See Fig. 4. 


Surfaces either smoother or rougher 
than the optimum range will interfere 
with the performance of parts in this 
class. An example of this is cylinder 
bores for automotive, diesel or air- 
craft engines. Also, ground finishes 
prior to honing or superfinishing, if 
smoother or rougher than the opti- 
mum range, will be difficult or im- 
possible to hone or superfinish 
Parts that perform better, the 
smoother the surface, and for which 
the engineer's specification of rough- 
ness is a compromise between the cost 
of tinishing and the added improve- 
ment in performance obtained as a 
result of more costly finishing. Exam- 
ples are component parts for anti- 
friction bearings, and the cam face of 
valve tappets 

Parts for which the smoothest finish 
possible is desired, irrespective of 
cost or present availability. Examples 
are large telescope lenses and some 
plug gages. 

Parts which, for reasons of manufac- 
turing policy, are specified to have 
roughness no greater than a certain 
maximum, even though the service 
performance of the part would not 
be affected adversely, or would be 
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Fig. 5. Load-Carrying Capacity of 

Journal Bearings as Related to Sur- 

face Roughness of Shaft (W: E. R. 
Clay) 


affected only slightly by exceeding 
the specified maximum, This is some- 
times done as a matter of process 
control where production uniformity 
is desired for all parts because a 
majority of parts made on a given 
machine do require a definite rough- 
ness produced in a definite way. 


Many surfaces, of course, do not re- 
quire any control of quality, and the 
specification of a maximum roughness 
for such parts would serve no practical 
purpose and would cause needless ex- 
pense. Such surfaces usually include 
drilled holes, counterbored holes, pipe 
threads, spotfaces, broached keyways 
and splines, chamfers, screw slots, bolt 
heads, cutoff surfaces and sawed slots. 

A relationship between surface fin- 
ish and performance or appearance de- 
termines the need for a specification. 
Once the need has been established, 


METAL PROGRESS; PAGE 54 


the engineer must decide which of the 
processing methods capable of produc- 
ing the required finish will be used. In 
many instances, the choice will be made 
from available equipment rather than 
from equipment that is exactly suited. 


Finish and Performance 


Resistance to wear and fatigue are 
two important characteristics influ- 
enced by surface finish. A change of 
about 30% in roughness is usually the 
least amount that will result in a 
measurable difference in wear, friction 
or durability of the surface. The effects 
of surface finish may be illustrated by 
reference to current practice on a few 
common parts. 

Journals and Plain Bearings. The 
surface roughness of a journal, as for 
main and connecting-rod bearings, 
which commonly use babbitt, should be 
less than 12 micro-in. If a hard bearing 
such as bronze is used, and if the load- 
ing is high (more than 5000 psi), the 
roughness of the journal and bearing 
surfaces should be less than 8 micro-in. 
for best serviceability. 

The effect of surface roughness, espe- 
cially below 12 micro-in., is a signifi- 
cant factor in the load-carrying capac- 
ity of a journal bearing. Data for a 
particular combination are shown in 
Pig. 5. 

Waviness is important, measured 
both in the direction of the axis and 
in a circumferential direction. With 
bearing loads of 2000 psi or more, wavi- 
ness of 0.0001 in. in the axial direction 
of the journal will cause early fatigue 
failure of the bearing. Waviness height 
in the circumferential direction should 
not exceed 0.0002 in. for a wave length 
of 1 in. or more. If these waves are 
shorter than 1 in. in length, waviness 
height should be further reduced. The 
drawing should specify limitations on 
the waviness in each direction when 
necessary. The usual tolerances on the 
diameter are insufficient to take care 
of this problem. 

The lay of the machine marks must 
be in the direction of motion. How- 
ever, if produced by fine lapping, a 
multidirectional lay can be tolerated 
Thrust bearings are particularly sensi- 
tive to the direction of lay on the con- 
tacting surface, unless the loading is 
extremely light. For example, if the 
thrust face of a steel crankshaft is 
coarse ground by the side of the grind- 
ing wheel, the surface produced may 
cause rapid failure of the bearing. For 
best results such thrust surfaces should 
have a roughness less than 20 micro-in. 
if turned, and the markings should run 
circumferentially on the part. 
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Fig. 6. Effect of Surface Finish on 

Friction with Hydrodynamic Lubri- 

cation Using a Flat Slider on a Ro 

tating Disk. Z equals oil viscosity, 

in centipoises; N is rubbing speed, 
in fpm and P is load, in psi. 
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Fig. 7. Effect of Surface Roughness 
on Friction under Conditions of 
Boundary Lubrication 


If a machined finish prevents ade- 
quate lubrication of journal bearings, 
it is not unusual to shot peen or other- 
wise provide a controlled degree of 
roughness of the journal surface before 
the last machining operation. After the 
final finishing by machining, the jour- 
nal surface is then made up of plateaus, 
having a prescribed surface roughness, 
and minute voids between these pla- 
teaus to carry additional lubricant for 
use on the contacting surfaces 

In specifying the surface finish for 
journals and bearings the type and 
viscosity of the lubricants to be used 
should be considered. Lubricants of 
higher viscosity, which have improved 
load-carrying capacity, allow the use of 
rougher surfaces because the thicker 
film of lubricant is more effective in 
preventing metal-to-metal contact. 


Table HI. Statistical Limits for 
Sampling Surface Roughness 
(Micro-In.) 


Normal Control 
Average Limits 
Max (to hold Average, Average 

Allowed under max) 4+ and Range 
& 18 1.7 
8 5.6 24 23 
10 Wl 29 28 
12 eee 85 35 34 
15 10.7 43 42 
20 14.3 5.7 5.6 
25 17.7 73 71 
21.3 8.7 85 
35 249 10.1 99 
4... 32.0 13.0 12.7 


Samples of 3 pieces, instrument reading 


Piston Pins. The surface finish re- 
quirements and dimensiona! tolerances 
on a piston pin are more exacting than 
on most other comparable journal 
bearings. The important surface is the 
outside diameter, which must be round 
and straight within 0.0001 in. Allowable 
fits between piston and pin (or between 
rod and pin in a floating type of design) 
can be determined only experimentally; 
in automotive engines, these fits are 
usually in the range from 0.0003 to 
0.0005 in 

For operation at high loads with 
hard bearing materials, piston pins 
usually have roughness below 8 micro- 
in.; 2 to 4 micro-in. is common 

Under severe conditions of loading, 
with extremely hard bearing materials, 
one approach to satisfactory bearing 
operation has been to have small de- 
pressions (such as can be produced by 
shot peening or grit blasting) in the sur- 
face. After peening or blasting, the pin 
is lapped to remove the metal that has 
been pushed above the nominal sur- 
face. The resulting surface is smooth 
with numerous small depressions to 


en, 
0.15 + + 
0.10 
2 
| 
4 
| 
| 
=| 
¢ o@ Medium Ground 
Rough Ground 
te 


hold oil for peak loads on the surface. 
The over-all roughness may be as high 
as 16 micro-in., with 8 micro-in. on 
the plateaus; however, the character of 
the surface is more important than the 
roughness value in these applications. 

Cylinder Bores in automotive, diesel 
and aircraft engines usually have a 
roughness between 16 and 40 micro-in. 
Smoother finishes retard proper seat- 
ing of the rings. Coarser finish will 
accelerate initial wear and oil con- 
sumption and may accelerate wear 
throughout the life of the barrels. The 
early break-in period is crucial and is 
influenced greatly by the initial sur- 
face finish. A highly burnished or 
polished surface will scuff or gall, while 
a dull, honed finish will usually per- 
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Fig. 8. Effect of Surface Roughness 


on Heat Transfer across an Inter- 
face for Several Combinations 


form satisfactorily. Various turned and 
ground finishes have been used but 
these are slow to break in, causing ex- 
cessive oil consumption 

The preferred lay on cylinder bores 
is an X-configuration typical of the 
finish obtained by honing. If this pat- 
tern cannot be obtained, then the lay 
should be in a circumferential direc- 
tion; it should never be in the direction 
of motion 

Cams and Tappets. Working faces of 
tappets are usually finished to about 
6 micro-in. In a few applications, shot 
peened steel tappet faces seem to retain 
lubricant slightly better than unpeened 
surfaces. Cam surfaces are usually 
ground to about 16 micro-in. max 

Valve Stems are usually ground to a 
roughness of 12 to 40 micro-in.; rougher 
surfaces are used under certain con- 
ditions as an aid to lubrication 

Valve Guides. Broached surfaces not 
only may be too smooth for retention 
of oil but if any galling occurs during 
the broaching operation, it is parallel to 
the action of the valve, which further 
reduces oil retention. Satisfactory lu- 
brication is obtained with reamed sur- 
faces, which have shallow circumfer- 
ential grooves that retain oil 

If statistical sampling is used in con- 
trolling surface finishes, normal aver- 
ages, control limits, average ranges, and 
upper limits of range must be estab- 
lished. An example of such statistical 
limits is given in Table ITI 

Antifriction Bearings. The effect of 
variation in surface finish becomes a 
factor when hold close 


attempting to 


Table IV. Relation of Dimensional 
Tolerance to Surface Finish 
of Antifriction Bearings 


Dimensional 
Tolerance, in., Surtace Finish 
and Range, micro-in. 


Less than 0.0002 Less than 5 


0.0002 to 0.0005 

9 to 27 
0.0020 to 0.0050 27 to 
0.0050 to 0.010 36 to 90 


More than 0.010 . No relation 


dimensional tolerances Since with 
rougher finishes there is more variation, 
it becomes necessary to obtain smoother 
surface finishes when close dimen- 
sional tolerances are required. A sug- 
gested relation between tolerance and 
surface finish for antifriction bearings 
is given in Table IV 

There are no standard surface finish 
specifications for shafts and housings 
for use in conjunction with antifriction 
bearings Values suggested by one 
manufacturer, to be used with bearing 
bores and outside diameters of various 
roughnesses, are listed in Table V 

Noise in ball and roller bearings is 
caused by dirt, misalignment, corro- 
sion, surface damage, surface rough- 
ness, geometrical inaccuracy and other 
factors. Often the mountings used are 
not conducive to quiet operation 

Current manufacturing techniques 
are capable of consistently producing 


surface finishes of the various com- 
ponents in the range from 0.5 to 1.0 
micro-in. on bearing balls and 1 to 6 


micro-in. on the ball grooves of outer 


and inner rings 
The table at the end of this article 
shows finish and other data for anti- 


friction bearings, for cylindrical objects 
and other common parts 


Friction 


The effect of surface finish on fric- 
tion, with a complete hydrodynamic 
oil film and when the surfaces are just 
beginning to break through the film, is 
illustrated in Fig. 6. Figure 7 relates the 
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Fig.9. Effect of Surface Roughness 
on Pressure Tightness of Gasketed 
Joints. For pressure P,, minimum 
hardness is H,. The shaded portion 
of the chart is the usable range of 
surface roughness and gasket hard- 
ness for P, pressure. To seal P 
pressure, 8, would be the roughest 
surface finish allowable, as the 
maximum and minimum hardness 
lines cross at point A. With a 
smoother surface 8,, the extended 
range of gasket hardness made 
available is indicated by points B 
and C. The lower hardness limit, 
H,, does not change for P, pressure, 
but the upper limit would be H,. 


coefficient of friction to surface rough- 
ness under conditions of boundary lu- 
brication 

Figure 8 shows that heat transfer 
may be changed by a factor of ten, 
depending on the roughness of the 
contacting surfaces 


Tightness of Joints 


The relationship of surface rough- 
ness to pressure tightness of joints is 
sometimes a problem. Because joined 
surfaces fabricated by high-production 
methods cannot be made flat or smooth 
or tight enough to seal fluids or gases, 
some kind of gasket material or sealer 
is needed to obtain joint tightness. 
Many kinds of high-pressure units in 


Table V. Typical Surface Finishes 
for Shafts and Housings'* 


Bearing ID Shaft Bearing OD Housing 
Ttoll... ll to 18 jtoll 9tol4 
14 to 22 18to20 llitol4 14 to 22 


22 to 20 20 to 40 | 14 to 22 
ia) Surface roughnes 
manufacturer of 


22 to 32 
suggested by one 
intifriction bearings for 
use on shafts and when mated 
with bearings of finishes 

For mounting practices of shaft-to-bear- 
ing-bore fits that are mean to several 
0.0001 in. tight, and housings varying from 
mean to several 0.0001 in 


housings 
variou 


loose 


operation have been sealed without the 
use of gasket materials; however, the 
surfaces that are required ‘extremely 
low waviness and 1 to 2 micro-in 
roughness) to provide seals are not 
normally attained in automotive items 
or others fabricated on a high-produc- 
tion basis 

In order to define the general condi- 
tions of surface finishes that require 
some type of sealer, the following fac- 
tors must be considered: temperature 
and pressure of operation; type of fluid 


or medium to be sealed; type of surface 
to be sealed and its requirements of 
compressibility, resilience, flow, shape 


or thickness 
Figure 9 illustrates the application 
of two general rules for determining 
roughness requirements of surfaces 
that are to be sealed when container 
pressures are involved. These rules are 
1 When the surface 
ness diminish 


roughness and wavi- 
the gasket thickness can 
be decreased and the unit bolting load 
should be adjusted, depending on the 
surface to be sealed for any constant 
surface area 

When the surface roughness and wavi 
ness are increased, the gasket thick- 
ness should be increased and the unit 
bolting load should be adjusted ac- 
cording to the surtace to be 
while maintaining 

sion on the ealing 
urface area 


tS 


sealed, 
recovery compres- 
material for any 
constant 


As a further guide in determining 
the type of surface to use when two 
or more joints require sealing, the fol- 
lowing effect of the variables should 
be considered: (1) When temperatures 


exceeding 250 F are involved, less 
resilient and less compressible ma- 
terials must be used than are normal 


for lower temperatures, and the surface 
roughness and waviness of these must 
be decreased; (2) smooth surface 
finishes are required to seal high- 
pressure units because the required 
sealing materials have high tensile 
strength and low compressibility; and 
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Minimum Gasket Thickness 
Fought 


Table VI. Comparative Performance Table XI. Typical Relations Between 
of Tools with Ground and Stock Removal and Surface Finish 
Honed Surfaces for Stone Finishing (Honing or 
Superfinishing) 
Part -~Pieces per Grind 


Being Ground Honed Stock Removed Surface Roughness, 
Machined‘*) Tools’ Tools‘) by Stone Finishing, in micro-in. 


- 
Feed 
+ Too! Pian 


Gear 200 
Gear do 400 
Shaft 


0.00012 
0.00020 

0.00025 
Gear 0.00030 
Gear 


Gear 


250 400 600 800 1000 i200 
Shaft Cutting Speed, ft per min 


(a) All parts made of SAE-AISI 3312 or 
3315 steel and machined at Brinell hard- 
ness number 187 to 235. Steel tools were 
hardened to Rockwell C 61 to 65. (b) Sur- 
face of cutting contact ground to rough- 
ness between 20 and 80 micro-in. (c) 
Cutting contact honed to between 1 and 
2 micro-in 


Surfoce Roughness, micro-in 


} “gy Fig. 11. Effect of Cutting Speed on 
Plane of 4) Surface Roughness. Mild steel ma- 

Roke Angle” chined at 0.015-in. depth of cut, 

0.006-in. feed, with carbide tools 

having end relie{ angle of 1 deg, 30 

Cutting Speed |. min and zero top rake. The theo- 
25 fpm retical ideal value at 40 micro-in. is 
212 fom i } that obtained if there is no built-up 
wihles edge, from which it is expected that 
628 fpm the surface profile of the work- 
, | piece will closely conform to the 
tool geometry and feed. The curve 

above (A. J. Chisholm) apparently 
becomes asymtotic to 40 micro-in. 
Causes Pinidh to: | ] | but it has been shown for carbide 
tools that the surface roughness 
Cutting speed Improve again becomes greater with very 
Feed ... Deteriorate . high cutting speeds. These data are 
Depth of cut ................ Deteriorate Rake Angle, deg not necessarily valid for other tool 
Back rake , Improve materials. Roughness of aluminum 
End relief angle ........ Deteriorate Fig. 10. Effect of Rake Angle on turned with a diamond tool in- 
Nose radius Improve the Roughness of Turned Mild Steel creases as cutting speed increases. 
tased on data compiled by Surfaces at Three Cutting Speeds High speed tools produce low rough- 

N. E. Woldman and R. C. Gibbons with Carbide Tools, Depth of cut, ness at about 10 fpm, rougher sur- 
gre: , 4 1/64 in.; feed, 0.006 ipr (A. J. Chis- faces at higher speeds, and pro- 
holm) gressive improvement beyond these. 


Table VII. Effect of Machining Vari- 
ables on the Roughness of 
Turned Surfaces 


Surface Roughness, micro-in 


Table IX. Surface Roughness Guide 
for Turning with Carbide Tools Table VIII, Surface Roughness of Rolls, and Time Required for Finishing 
Shape Feed, in. Roughness, Relative 
of Tool'*) per rev micro-in. Surface Time to 
meee ; Class of Method of Method of Roughness Finish 
0.030 600 Application Finishing Specifying micro-in. Surface 
0.020 400 J 
; .. 0.012 100 Noncritical Not machined Surface as is, no machining 1800 to 225 0 
4 0.003 40 Average Lathe finished Lathe finish 720 to 225 ito5 
ek : Critical Ground or Lathe finish, then grind 
(a) The form of the carbide-tipped polished or polish to remove 
cutting tools used to produce the above tool marks 110 to 14 5') to 9 
roughness values are shown below. The Very critical Superfinished Superfinish 14 to2 9 to 15 
radii of tools 2 and 3 below were finished 7 
with a No. 300 diamond hone, 


Table XII. Typical Relations between Stock Removal, Operating Conditions and 
Surface Roughness for Finish Grinding Carbon Steels and Low-Alloy Tool Steels 

2° 2° 250R Total Stock Work Surface 
—0045R 6° Removed,‘*) Cross Speed, Roughness, 
! 1 Operation in. Feed rpm micro-in. 


om _ 
ef Surface grinding with 0.031 in 
periphery of wheel, 0.005 ) in. 0.062 in. 
reciprocating work 0.0010 in. 0.250 in. 


Surface grinding with 0.005 < 0.004 ipm 
ring-type wheel on 0.006 .... ... 0.008 ipm 
* $- rotary work table 0.010 ........... 0,016 ipm 


Cylindrical grinding, 0.002 . .. 0.0002 in./pass 
Wo. traversing, 2-in 0.005 . 0.0005 in./pass 
diam work on centers 
Ground 


Cylindrical oscillating 0.905 0.010 ipm 
plunge grinding, 2-in 0.030 0.040 ipm 
diam work on centers 0.030 0.060 ipm , 
(a) On diameter for cylindrical grinding 
less Grinding and Lapping 
Total Stock Dim. Micro- Table XIII. Waviness and Roughness Readings for Inner-Ring Roller Bearing 
Operation Removed,in. Tol.'*) In. Races after Grinding and after Superfinishing 


Centerless Grinding Condition Reading, micro-in. 
Rough Grind 0.0045 0.00025 oo 
Rough Grind 0.002 0.00025 ae Wavometer Readings 
Semifinish Grind 0.0016 0.00015 13t0 16 Low Band, 4to 17 Waves High Band, 17 Waves and Above 
After grinding .. 15 to 25 5.0 to 7.0 


Centerless Lapping After superfinishing Iie 15 to 25 03 to 04 
Rough Lap , 0.0005 000005 Ttod 


Rough Lap 0.0003 0.00005 5to6é Surface Roughness Readings 


Finish Lap 0.0001 2to4 Across Race Around Circumference 
(a) Dimensional tolerance, in. + and — After superfinishing osiese 10 to 15 
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(3) rough, wavy semifinished surfaces 
require highly compressible sealing 
materials with relatively light bolting 
pressures. Smooth finished surfaces, 
generally required for sealing high- 
pressure mediums, require thin gasket 
materials of low compressibility and 
relatively heavy bolting pressures. 


Effect of Finish 
on Tool Performance 


The following examples are typical 
of the available data concerning the 
effects of surface finish on perform- 
ance of tools. 

Cutting Tools. Tool life and per- 
formance are greatly affected by finish. 
Table VI shows the number of pieces 
obtained with ordinary ground tools, 
as compared with the output from 
ground and honed tools. The results 
are influenced not only by the keen- 
ness of the cutting edge, but also by the 
smoothness of the end, flank and chip- 
breaker groove of the tool. Under the 
microscope, the cutting edge appears as 
an irregular saw-tooth edge, which 
varies in roughness according to the 
abrasive wheel used and the grinding 
speed and feed. The roughness of a 
ground tool is usually from 20 to 80 
micro-in.; roughness of a honed tool 
can be held to 1 to 2 micro-in. 

An irregular saw-tooth edge and 
irregular surface produce an uneven 
flow of metal through the crevices; this 
condition creates stress concentration 
and localized heating of the tool point, 
both of which increase the rate of tool 
failure. Also, the roughness of the tool 
face produces increasing amounts of 
built-up edge on a tool and results in a 
rougher machined surface. Honing the 
cutting edge and surface will minimize 
this effect. 

Other factors in machining that in- 
fluence the finish obtained on ma- 
chined surfaces are given in Table VII. 
Figures 10 and 11 show the effects of 
cutting speed and rake angle on the 
roughness of turned surfaces 

Coining Punches for producing a fine 
finish in the tapered hole of valve spring 
caps are made of hot work die steel, 
H12 or H13, carburized and hardened 
to Rockwell C 61 to 63 on the taper 
and form only. The punch, form- 
ground to a close dimensional! tolerance 
and with the surface polished to a 
roughness of 9 to 13 micro-in., will 
produce as many as 500 pieces before 
failure by abrasion 

By improving the finish to 4 micro- 
in. max, on the form and areas sub- 
ject to high coining pressures, service 
life can be doubled or trebled. Im- 
provement in surface finish beyond 4 
micro-in. does not increase tool life 
significantly. However, by maintaining 
the 4 micro-in. finish and plating 05 
mil of hard chromium on the surface, 
punch life is as great as 35,000 pieces. 

Die Components. Occasionally, speci- 
fications call for a tool finish unneces- 
sarily smooth. For example, in a par- 
ticular set of die components, consisting 
of extrusion sleeve, coining die punch, 
and die insert for forging automobile 
engine valves by the extrusion process, 
the tools were ground and the bore and 
angle of each sleeve and insert were 


polished to a finish of 7 to 9 micro-in. 
The life of these tools was 800 to 1200 
pieces. Extrusion sleeves and die inserts 
ground to 18 micro-in. but not polished 
gave equa! service life. Later the grind- 
ing operation was replaced by turning 


of the bore and the form with carbide- 
tipped tools at high speeds and fine 
feeds to give a finish of 31 micro-in. 
without impairing tool performance. 


The coining dies also had been 
polished to 7 to 11 micro-in., but a 
machine finish of 31 micro-in. resulted 
in the same serviceability of the die 
Valve forging dies, grit blasted to a 
surface finish of 27 to 36 micro-in. after 
hardening have been satisfactory 

Rolls. Finishes for rolls used in the 
textile, paper, plastics, rubber, wood- 
working and metalworking industries 
affect the cost of the rolls by as much 
as a factor of five when fine finishes 
are specified. The units of time re- 
quired for various roll surface finishes 
are indicated in Table VIT'I. The specifi- 
cation “surface as is—no machining” 
is used chiefly on low-speed carrier 
rolls. The surface on such rolls will be 
no better than the commercial limits, 
if as good, with respect to size, round- 
ness and straightness 

A large class of metal rolls requires 
no greater straightness and roundness 
than a lathe-finished surface, yet fine 
tool marks are objectionable. For these 
the specification is usually “lathe finish 
and polish to remove tool marks”. 
Roughness is from 45 to 90 micro-in 

A definite micro-inch finish specifi- 
cation has significance at 50 and below. 
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However, it is still necessary to take 
other factors into account, such as 
whether the finish is to be attained by 
emery polishing or grinding, the per- 
missible amount of out-of-roundness 
and the straightness of the roll 

For example, it is easily possible to 
emery polish a lathe-finished surface 
to a smoothness of 20 to 50 micro-in. 
However, such a roll, while smooth, will 
have no greater accuracy than can be 
obtained from lathe finishing. When 
turning on centers, the surface of the 
roll may have a runout ranging from 
0.003 to 0.010 in. depending on the 
material and size of the roll. On the 
other hand, an applicator roll may be 
required to spread a film only a few 
tenths of a mil thick. A 10-micro-in. 
specification here would call for ground 
journals and ground surface to the re- 
quired smoothness but also with a 
tolerance on runout of perhaps 0.0002 
to 0.0005 in. Roll finishes below 10 
micro-in. are difficult and costly to 
produce and require methods such as 
burnishing, lapping and honing. 


Influence of Processing Method 


Since surface roughness depends 
almost entirely on the machining oper- 
ations used, a knowledge of the rough- 
ness produced by the commonly em- 
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Typical Surface Finishes on Machine Parts 


Surface 


Function or Final Dimensional Finish on Rough- 
Functional Metal Hardness Oper- Tolerance, Mating Part, ness 
Movement ation in. micro-in, micro-in. 
Cylindrical Shapes 
Brake drum, 10.9975 diam, Friction Cast iron Brinell *-0.0025 Brake lining 50 best 
friction surface 2'4 long surface 160 to 200 120 max 
Crankshaft, main 2', diam Bearing Nodular Brinell + 0.0004 Babbitt lining, 12 max 
bearing surfaces surface iron 217 to 269 12 max 
Crankshaft, main 2.5000 diam, Bearing 1046 Brinell *0.0005 Babbitt bearing 15 max 
bearing surfaces 1.874 long surface steel 228 to 269 
Crankshaft, main 2.1884 diam Bearing Nodular Brinell Grind *+0.0004 Copper-lead 12 
bearing surfaces surface iron 217 to 269 bearing 
Crankshaft pulley, 17, diam, Surface for run- Cast iron Brinell Grind *+0.002 Rubber seal max 
hub, diam 1', long ning oil seal 163 to 229 
Cylinder block, 34135 diam, Bearing Cast iron Brinell +0.001 Cast iron to 20 
; bore 6's) long and seal 170 to 217 piston rings 
oA Cylinder block, 3% diam, Bearing Cast iron Brinell +0 .0024 Cast iron to 35 
bore 6 long and seal 179 piston rings 
Cylinder block, 3'4 diam Bearing Cast iron Brinell *0.0003 Aluminum alloy to 35 
bore and seal 179 to 241 
Exhaust valve 0.3715 diam, Bearing Cr-Mn Rockwell C *0.0005 Cast iron 18 
stem 3.72 long and seal steel 34 min 
Piston pin 0.9120 diam Bearing 5015 Rockwell C F + 0.0003 3 
bh surface carburized 58 to 63 
4 Piston pin 04592 diam, Bearing Mn steel Rockwell C Tin plated 4 
2.885 long surface carburized 60 aluminum 
Piston, piston-pin diam Bearing Aluminum Diamond 12 
bore surface alloy turn 
Piston, piston-pin 13/16 diam, Bearing Aluminum = Brinell Grind *0.0003 max 
bore 1% long surface alloy 90 to 120 
Drive gear, 2', diam Rotating, 8640 Rockwell C Grind sides ©0.0005 Bronze bearing 7 
4, oll pump 1450 rpm stee| 55 to 60 0.0001 concave thick plates 
Shaft 1%% diam, Interference Grind *0.0008 Same as max 
1', long fit on shaft 
Shaft 1'4 diam, Light load Brinell *0.0001 Bronze bushing, 25 max 
2'4 long at 1400 rpm stee 228 to 255 25 max 
Shuttle valve, 0.4368 diam, Oil seal Molybdenum Rockwell C 0.0002 Al die casting, 10 
transmission 0.344 long steel 58 min anodized, 20 
Valve body 1'4 diam, Sliding, slow, Cast iron * 0.0005 4615 ground, 10 max 
5', long for O-ring 16 max 
Antifriction Bearings 
Bearing ball, Various Rolling 52100 Rockwell C Lap or Sphericity See races 1.5 max 
grade 1 steel 62 to &4 polish 0.000025 
Bearing ball, Various Rolling 52100 Rockwell C Lap or Sphericity See races 0.05 to 
special steel 62 to 4 polish 0.000010 10 
Outer, ring, diam 2.8341 diam Fit into 52100 Rockwell C Grind + 0.0005 Same as 20 max 
housing steel 62 to 64 on ring 
Inner ring, bore 1.1807 diam Fit on 52100 Rockwell C Grind + 0.0004 max 
shaft steel 62 to 64 
Inner ring, bore 1.1809 diam Fit on 52100 Rockwell C Grind + 0.0002 max 
4 shaft steel 62 to 64 0.0000 
Inner race, Various Ball track 52100 Rockwell C Polish + 0.0010 
a groove steel 62 to & 
fy Inner ring, face Locating face 52100 Rockwell C Hydro- + 0.000 max 
steel 62 to 4 lap 0.0010 F 
Outer race, Various Ball track 52100 Rockwell C Grind *0.0010 Bearing max 
groove stee! 62 to 4 balls 
Outer race, Various Ball track 52100 Rockwell C Polish +0.0010 Bearing max 
groove Steel 62 to 64 balls 
* Outer race Various Roller track 52100 Rockwell C Super- +0.0010 max 
steel 59 to 61 finish 
: Outer ring, face Locating face 52100 Rockwell C Grind + 0.000 max 
steel 62 to 0.002 
Other Parts 
Bumper parts Various Decorative Sheet steel Buff es to 8 
‘ Camshaft, 1) wide Lift intake and Cast iron Scleroscope Grind +0.0002 per 5120 hardened , 
cam lobes exhaust valves 40 min deg lift 6 max , max 
Camshaft, 1» wide Bearing surface Cast iron Scleroscope iene 4 (on , 
“rankshaft, thrust to irust odular 3rinell Machine Babb 
surface annulus 3.44 diam surface iron 217 to 269 turn bearing. 
fi Cross slide 1'4 by For slidin 4615 Rockwell C Grind +0.00 Ss; ; 
514 heavy alk steel 60 ‘ Same as slide max 
Cutter slide 1» by 3 For sliding 4140 Brinell Mill *+0.002 Sz & ; 
light loads steel 269 to 302 Same as slide 100 
Cylinder block, 74 by Surface for Cast iron Brinell Broach + . _ . 
top 17'4 head gasket 179 a ow carbon 90 max 
vo Fiywheel, annulus 4") to Face for Cast iron Brinell Machine 


10%_ diam cluteh disk 179 to 235 turn Woven asbestos to 120 
ie Stator blade, jet 1 by 5 by Defiect Powdered Rockwell B Polish + 
engine compressor thick air iron (plus 100 (Air) 
copper) 
Valve tappet, Sliding, 5120 Rockwell C Grind +0.001 Iron, 16 max 
cam face light load steel 58 


os ployed methods is essential to the of a surface finish involves much more _ terial the part is made of, in grinding. 
realistic specification of surface fin- than merely designating a particular A full discussion of the effect of 
ishes. The bar graphs on the previous process. Other factors that have a process variables in the 21 methods 
page indicate the commercial ranges. As strong influence include the shape of shown in the bar graph is beyond the 
shown in these graphs, similar rough- the part and the tool, the speed and scope of this article. A few relations be- 
“ ness can be obtained by more than one feed of cutting, the lubricant, and the’ tween the conditions of metal removal 
method. Since a range of finishes can be alloy being cut, in turning, and the type and the roughness produced, for four 
obtained by each method, the selection of wheel, rate of stock removal,and ma- methods, are given in Tables IX to XIII. 
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RESIDUAL STRESSES, frequently 
called “locked-up” stresses or “inter- 
nal” stresses, are those existing in a 


body free from external forces. 
Residual stresses are developed in 
metals to some degree by every com- 


mercial fabricating process: welding, 
casting, heat treating, forming, ma- 
chining, grinding, plating, and others. 
Specifically they are created by any 
process that effects a nonuniform 


change in shape or volume throughout 
a workpiece. Thus, shot peening devel- 
ops residual stresses in a metal because 
it spreads the surface layers but not 
the interior. The distended surface 
layers being restrained by the interior 
are held in compression; the unworked 
interior being stretched by the dis- 
tended surface is in tension. 

Residual stresses in metals are im- 
portant because of their manifold and 
diverse effects. Residual stresses can 
cause metals to crack quickly and cat- 
astrophically when exposed to certain 
atmospheres—industrial, marine, rural 
or artificial—or to liquids (stress- 
corrosion cracking) or to liquid metals, 
or when heated (fire-cracking), when 
aged (stress-precipitation cracking) or 
when cut into. Residual stresses can 
cause metals to warp when machined 
or cut (and thereby cause such second- 
ary effects as binding and breaking of 
reamers). Depending on their nature 
and distribution in a metal, residual 
stresses can delay or hasten fatigue 
failures. Fortunately, the magnitude 
and direction of the residual stresses in 
metals can be changed so as to avoid 
difficulties or gain advantages. 


Residual Stress Patterns 


Because temperature changes can 
expand or contract a metal volumetri- 
cally, either directly through thermal 
expansion or indirectly through phase 
changes, residual stresses are developed 
when heat is put into or taken out of 
a metal inhomogeneously. Common ex- 


amples where residual stresses result 
from effects of thermal expansion 
alone (that is, where phase transfor- 


mations are not involved) include: 

Spot Welding. Residual stresses are 
developed in sheet metals that are spot 
welded, according to the pattern shown 
in Fig. 1. The temperatures in the hot 
spot will affect the magnitude of the 
stress found in this pattern, but often 
the weld spot gets hot enough for the 
residual stresses across the spot itself 
to equal the yield strength of the metal 
at that point 

Butt Welding. Two free plates butt- 
welded along one edge will contain 
residual stresses of the pattern shown 
in Fig. 2. Welding temperatures are 
high enough for the residual stresses 
along the joint to approximate the 
yield strength of the metal. Electric- 
arc welding confines the stresses to a 
narrow region adjoining the weld itself. 


Residual Stresses 
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Gas-torch welding, with more diffuse 
application of heat, spreads the stresses 
out over a broader area 

Quenching. Cooling hot metals with- 
out phase transformation will produce 


compressive residual stresses at the 
surface of the piece and _ tensile 
stresses in the interior. Two specific 


examples of 
given in Fig 


this generalization are 
3 and 4 for a quenched 
cylinder and a quenched fiat strip, 
respectively Patterns developed in 
more complicated shapes can be syn- 
thesized from these with a little com- 
mon sense and imagination. For ex- 
ample, the residual stress in a 
quenched tube can be imagined to re- 
sult from wrapping the sheet of Fig 
4 around a mandrel. This gives the 
pattern of Fig. 5. Naturally a tube may 
be quenched with its ends plugged, in 
which circumstance the residual] stress 
pattern is like that given in Fig. 6; or 
it may be quenched from the interior 
only, the residual stress pattern for 
which is given in Fig. 7 

The actual value of the peak stresses 
will be higher the higher the quenching 
temperature, the more drastic the ac- 


tion of the quenching medium, the 
lower the thermal diffusivity of the 
metal, the larger the absolute dimen- 


sions of the piece, the higher the mod- 
ulus of elasticity, the higher the yield 
strength of the metal, and the higher 
the coefficient of thermal expansion 
There are formulas that presume to re- 
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late these factors quantitatively to the 
magnitude of stress developed in the 
part, but they are cumbersome to use 
and are based on theoretical considera- 
tions that have not been fully tested 

Here are some common examples 
where residual stresses result from 
phase transformation brought on by 
heat treatment 

Precipitation. When a_ dispersed 
phase is precipitated by heat treatment 
(as in aging) residual stresses will be 
developed around each particle of pre- 
cipitate because of the difference in 
density of the precipitate and the ma- 
trix from which it formed. If the pre- 
cipitate is more voluminous, the matrix 
will be placed in tension tangentially 
(the radial stresses being compressive) 
and the precipitate will be put in com- 
pression. Under these circumstances 
aging can cause cracking ‘(especially 
when residual tensile stresses are al- 
ready present from other sources); the 
fracture courses through the matrix 
that is under tension. Copper-chro- 
mium alloys belong to this class. If the 
precipitate is more dense, the matrix 
will be placed in compression and the 
precipitate will be in tension. In such 
alloys cracking does not run through 
the matrix. Because of aluminum’'s 
lightness, the matrix of aluminum al- 
loys is usually thrown into compres- 
sion; hence their general immunity to 
cracking during aging 

Bulk Transformations. In addition 
to the residual stresses developed by 
contraction accompanying cooling, re- 
Sidual stresses may also be developed 
by the transformations that occur dur- 
ing cooling. The most common exam- 
ple of this class of transformations, of 
course, is the decomposition of austen- 
ite in steels. Whether the decomposi- 
tion involves the formation of pearlite, 
bainite or martensite, the metal ex- 
pands. Because the time and tempera- 
ture ranges for these reactions can be 
shifted at will by alloying, and because 
quenching rates can be varied with 
each piece, the residual stress patterns 
introduced into such a simple geo- 
metric shape as a solid round bar can 
take on any shape (compatible with 
rotational ymmetry and self-equili- 
bration). Figure 8 shows examples 

In Pig. 8(a) the quenching rate was 
such that the entire bar was converted 
to martensite. When the outside of the 
bar transformed to martensite and ex- 
panded, the warm soft austenite in the 
inside followed this deformation plas- 


lucally. When the inside of the bar 
transformed to martensite and ex- 
panded, the cold, hard outside was 


stretched elastically. Thus the exterior 
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was put in tension; the interior, in 
compression; final residual stress pat- 
tern is shown in Fig. 8(b). 

In Pig. 8(c) the outside and inside 
both expand at about the same time 
(the outside by transforming to mar- 
tensite, the inside by transforming to 
pearlite). The middle annulus of warm 
austenite follows the expansion plastic- 
ally, then finally transforms to bainite, 
expanding as it does so and throwing 
the outside and inside into tension. 
Further cooling of the pearlite interior 
may increase the tension there as out- 
lined in the paragraph “Quenching”, 
giving the final residual stress pattern 
shown in Pig. 8(d) 

Figure 8(¢) treats one final example: 
the outside expands martensitically at 
about the time when the middle and 
interior expand pearlitically. Any in- 


Fig. 1. Residual Stress Pattern Found 
in Strip Heated Locally, with No Phase 
Transformation Occurring. In the lower 
lane the direction is defined in which 
he radial stresses, R, and tangential 
stresses, T, operate, The intensity of the 
radial stress at different points through- 
out the strip is shown in the three- 
dimensional graph immediately above 
the strip: the stresses are tensile at the 
center of the affected zone and drop off 
to a negligible value at some distance 
from the affected zone. The intensity of 
the tangential stress at different points 
is shown in the chart: the stresses are 
tensile at the center of the affected 
zone, drop to a compressive value im- 
mediately outside the affected zone, and 
then fall off to a negligible value at 
some distance from the epectes zone. 
Simple stress states demand equal radial 

and tangential stresses at center. 


Fig. 2. Residual Stress Pattern Found 
in a Butt-Welded Strip. The middle 
drawing helps define what is meant by 
longitudinal stresses, L, and transverse 
stresses, T. The variation of the longi- 
tudinal stresses, L, is shown in the 
upper drawing; that of the transverse 
stresses, T, is in the lower drawing 
Points above the white reference planes 
are tension; those below, compression. 
Pattern is for thermal effects without 
phase transformation. 
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equalities in deformation at this point 
are accommodated by the plastic de- 
formation of the hot austenite or pearl- 
ite. Finally the middle and interior 
pearlite cools and contracts, producing 
a normal contraction type of residual 
stress pattern (see paragraph “Quench- 
ing”) as shown in Pig. 8(/). This latter 
reaction almost certainly occurs in the 
quenching of any plain carbon steel in 
sizes larger than an ordinary lead pen- 
cil, and accounts for the fact that such 
steels in large sizes always show a plain 
contraction type of residual stress pat- 
tern whether quenched from below or 
above the austenitizing temperature 

The possible sequences of expanding 
and contracting that the outside, mid- 
dle and inside of a round bar can fol- 
low during austenite transformation in 
a quench are so numerous that each 
set of conditions should be analyzed 
individually. Residual stress patterns 
resulting from localized heat treat- 
ments include the following: 

Induction Hardening. A 
shallow outside layer is heated and 
quenched to martensite in induction 
surface hardening. The formation of 
martensite is accompanied by a volume 
expansion that gives rise to surface 
compressive stresses and tensile stress- 
es in the interior as in the expanded 
surfaces in shot peened articles noted 
above. The stresses are compressive at 
the surface, irrespective of the alloy 
content or the case depth. Oil quench- 
ing gives slightly weaker stress pat- 
terns than water quenching. A specific 
example is given in Fig. 19 of the arti- 
cle on page 120 of this Supplement. 

Flame Hardening. This process is the 
same thermally as induction harden- 
ing. Compressive stresses exist at the 
surface. The actual stress pattern be- 
neath the surface is still a matter of 
controversy, as are effects of time under 
the flame and the size of the piece. 


relatively 


Fig. 3. Idealized Residual Stress Pat- 
terns Found in Quenched Cylindrical 
Bars if No Phase Transformation Oc- 
curs. In the figure at the right the 
directions of action are defined for 
the longitudinal stresses, L, the tan- 
gential stresses, T, and the _ radial 
stresses, R. The figure at the left is 
a three-dimensional chart showing the 
stress distribution found in quenched 
bars; the longitudinal stresses, L, at the 
urface of the bar are compressive 
compressive stresses are indicated by 
points below the reference cross sec- 
tion); radial stresses, R, are nil at the 
surjace of the bar and rise to tensile 
values at the aris of the bar; tangential 
stresses, T, follow a pattern similar to 
that of the longitudinal stresses. 


Carburizing. Like induction 
flame hardening, carburizing hardens 
only a thin surface layer, but carbu- 
rizing can produce entirely different 
stress patterns. In carburizing, the en- 
tire piece is heated to the austenitic 
range—where carbon is absorbed at the 
surface—and then is quenched. The 
final residual stress pattern will now 
be influenced by the behavior of the 
surface, which normally will produce 
compressive stresses at the surface, and 
the behavior of the interior, which, de- 
pending on its transformation charac- 
teristics and cooling rates, can produce 
either compressive or tensile residual 
stresses at the surface 

Nitriding. The nitriding process is 
essentially the absorption of nitrogen 
into the surface layers of the steel, 
resulting in a tendency of the nitrided 
area to increase in volume. The growth 
tendency is restrained by the interior 
metal, which still has a relatively high 
yield strength at the nitriding temper- 
ature of about 1000 F. This process, 
therefore, causes residual compressive 
stresses in the surface of the steel. 

Built-Up Shafts. In the absence of 
any phase transformation effects, a 
built-up shaft will develop tensile 
stresses in the exterior jacket: the 
cooling metal deposit and heated sub- 
strates are prevented from contracting 


and 


Fig. 4. Idealized Residual Stress Pat- 
terns Found in Quenched Flat Slabs 
When No Phase Transformation Oc- 
curs. In the figure at the left the di- 
rections of action are defined for the 
longitudinal stresses, L, width stresses. 
W, and thickness stresses, T. The figure 
at the right is a_ three-dimensional 
chart showing the stress distribution 
found in a quenched flat slab: the 
longitudinal stresses, L, at the surface 
of the slab are compressive (compres- 
sive stresses are indicated by points 
below the reference cross section), ris- 
ing to tensile values on the center plane 
of the slab; thickness stresses, T. are 
nil at the surface of the slab and rise 
to tensile values at the center plane 
of the slab; width stresses, W, follow a 
pattern similar to that of the longi- 
tudinal stresses. These idealized pat- 
terns break down along the edges and 
corners and at the ends of the slab 


by the cold, hard interior and, being 
thus distended, remain in tension. (To 
preserve equilibrium, the interior is in 
compression.) Figure 9 shows the resid- 
ual stress pattern typical in plain car- 
bon steel shafts of 1 to 4-in. diam when 
built up from 3 to 9%. Deposits in 
which phase transformations occur 
must be considered individually. 
Castings normally would have com- 
pressive stresses at their surface and 
tensile stresses in the interior, just as a 
quenched cylinder would. Two factors 
arise in casting procedure which com- 
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plicate the situation beyond simple 
quenching processes, however. One fac- 
tor consists in the mechanical restraint 
which the mold offers to the shrinking 
casting. This factor is of little conse- 
quence in sand molds but in permanent 
molds or dies it becomes important 
These effects will vary with each indi- 
vidual mold design. The other factor 
consists in the artificial cooling rates 
the foundryman introduces into his 
casting by chills, washes or other de- 
vices. These will distort the residual 
stress pattern developed in castings as 
opposed to their quenched analogues. 
The effects of casting design may be 
pronounced. The basic factor seems to 
be the cooling rates of the different 
parts of the casting. Greatly different 
cooling rates in various parts of the 
piece will naturally produce a very 


Fig. 5. Idealized Residual Stress Pat- 
terns Found in Quenched Tubes if No 
Phase Transformation Occurs. The di- 
rections of the longitudinal stresses, L, 
radial stresses, R, and _ tangential 
stresses, T. are shown at the right 
Their distribution in a tube quenched 
from the inside and the outside is 
shown in the figure at the left. 


complex pattern of residual stresses 
Two examples of high residual stresses 
in as-cast gray iron are presented in 
Fig. 16 on page 33 of this Supplement. 


Mechanical Processes 


Mechanical working processes that 
develop residual stresses include: 

Bending. Plastically bending a bar 
and then releasing the bending mo- 
ment produces a saw-toothed distribu- 
tion of longitudinal stresses (Pig. 10). 

Single Pressure Spot. Thin sheets 
subjected to a single pressure spot (as 
in cold pressure welding) have a resid- 
ual stress pattern of the type shown 
in Fig. 11. The pressure area expands 
laterally against the surrounding elas- 
tic sheet, stretching it and giving rise 
to tensile hoop stresses ‘but com- 
pressive radial stress) there. A single 
pressure spot on one surface of a thick 
chunk of metal (as produced by a 
vyouge or service bruise) will still yield 
this pattern near the surface, although 
it dies out in subsurface layer 

Shot Peening, Surface Hammering, 
Surface Rolling and other such proc- 
esses all expand the surface. The in- 
terior holds back this expansion, keep- 
ing the surface in biaxial compression 
and the interior in biaxial tension. It 


should be noted that a single pressure 
area on a surface can produce tensile 
stresses in some regions on the surface 
(see the preceding paragraph) while 
many pressure areas produce compres- 
sion on the surface. One blow in shot 
peening, for example, that is much 
heavier than the average, will leave 
tensile stresses around it and defeat the 
purpose of shot peening 

These processes produce compressive 
stresses to a shallow depth—a few ten 
thousandths to a quarter of an inch with 
current methods 

In shot peening, the maximum com- 
pressive stress will amount to about 
half the yield strength of the metal. 
This compressive zone is biaxial. It will 
run deeper the greater the shot vel- 
ocity, the heavier the shot and the 
softer the base metal. Some of the 


Fig. 6. Idealized Residual Stress Pat- 
terns Found in Tubes Quenched from 
the Outside, if No Phase Transforma- 
tion Occurs. The directions in which the 
longitudinal stresses, L, radial stresses 
R, and tangential stresses, T, operate 
are shown in the figure at the right 
Their distribution in a tube quenched 
from the outside is shown at left 


limiting conditions in shot peening are 
interesting. Tumbling in alundum ab- 
rasive for 10 min produces surface 
compressive stresses of 15,000 psi 
with to “-in. grit size and 50,000 
psi with 1 to 1'>-in, grit size, while a 
4-hr tumbling produces stresses of 
60,000 and 75,000 psi, respectively 
Even soft shot will induce compressive 
stresses in hard surfaced metals—a 
carburized steel (Rockwell C 60) can be 
shot peened to 120,000 psi residual 
stress at the surface with soft shot 
(Rockwell C 39). Chilled iron shot 
(Rockwell C 63) induces 145,000 psi 
residual stress in the same stee) 
Surface rolling done with a wheel 
produces biaxial compressive stresses at 
the surface. These stresses are greater 
and extend to a greater depth the 
greater the pressure on the wheel 
Machining and Grinding cold work 
the surface layers of a metal and will 
produce residual stresses of the same 
type as produced by shot peening and 
other surface working processes. The 
stresses are usually compressive, con- 
fined to a few thousandths of an inch 
from the surface. The stresses are bi- 
axial, the principal stresses lying paral- 
lel and perpendicular to the cutting or 
grinding direction. The former princi- 
pal stress is larger than the latter. The 


magnitude of the stress and thickness 
of the stressed layer are larger the 
deeper the cut, the duller the tool or 
wheel, and the harder the wheel 

Although their effect is believed to be 
secondary, coolants and lubricants can 
affect residual grinding stresses, prob- 
ably because temperature influences the 
yield strength of the metal 

Grinding or machining stresses de- 
pend on the composition of a steel and 
its heat treatment. For example, the 
depth of penetration of grinding stress- 
es increases progressively in a manga- 
nese oil-hardening tool steel quenched 
and tempered to Rockwell C 47, in the 
same stee] in an annealed condition, 
and in an annealed mild steel. When 
erinding is done correctly with a sharp 
wheel and adequate coolant, the stresses 
are generally compressive. When con- 


Fig. 7. Idealized Residual Stress 
terns Found in 


Pat- 
Tubes Quenched from 
the Inside. The directions in which the 
stresses L, R and T operate are shown 
in the figure at the right. Their distri- 
bution in a tube quenched from the 
inside only is shown at the left in the 
same way stresses have been shown in 
the previous illustrations 


ditions are unfavorable, however, resid- 
ual tension causes grinding checks 
Rolling can produce residual stresses 
in metals in many ways. Surface rolling 
where the metal is not deformed 
throughout its thickness is discussed 
with peening, above, but where pres- 
sure is exerted over the entire width 
of the strip, and where rolling proceeds 
in one direction only, the residual com- 
pressive stresses are not biaxial, They 
lie in the rolling direction only. True 
flat strip rolling produces uniaxial 
stress patterns of the kind shown in 
Fig. 12. The magnitude of the stress at 
the surface depends on the rolling vari- 
ables (Pig. 13) in such a way that the 
last pass given a strip determines the 
pattern. Thus, a final skin pass can 
introduce high residual stresses on the 
strip despite the fact that the strip had 
been rolled previously in a way that 
produced low residual stresses 
A third group of residual! stress pat- 
terns are developed when reductions 
in thickness are not constant across 
the width of the strip (as results from 
springing of the rolls). When reduc- 
tions are greatest in the middle of the 
wicth, stresses will be in the rolling di- 
rection and compressive. They will run 
in the rolling direction along the edges, 
but will be tensile. Heavier reductions 
AUGUST 15, 1955; 
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Fig. 8. A Typical Isothermal Trans/or- 
mation Diagram for the Decomposition 
Of Austenite in Steel. A volume expan- 
sion occurs when austenite transforms 
to pearlite, bainite or martensite. If 
the quenching of a round bar occurs so 
that the outside fibers cool according to 
line “o”, the middle fibers according to 
line “m”’, and the inner fibers according 
to line “i” as in 8(a), then the residual 
stress pattern of &/b) results; if the 
Jollows the of 
he pattern in 8(d) results. Alloying can 
change the location of the areas marked 
“pearlite”’, “bainite”, and “martensite” 
and the cooling lines “m”", can 
be varied, so any of the patterns shown 
here (and others) may be produced on 
quenching 


along the edges reverse this pattern. 

Wire Drawing produces residual 
stress patterns of the type given in 
Fig. 15 when deformation is light (less 
than 3 or 4% reduction in area) and 
confined to the surface; or of the type 
given in Fig. 15 (c) when deformation 
is penetrating. The magnitude of the 
stress at the surface depends on the 
drawing variables as shown in Pig. 16 

Tube Sinking. The stress pattern for 
tube sinking is shown in Fig. 17. The 
magnitude of the stress at the tube 
surface as a function of tube-sinking 
variables is given in Fig. 18 

Cupping gives the same stress pat- 
tern as sinking (except near the bottom 
of the cup side-wall where, depending 
on punch and die contours, different 
patterns can be developed). The 
amount of working varies from bot- 
tom to top of the cup wall, as does the 
intensity of the stress 

Tube Drawing. In tube drawing, 
ironing of the wall reduces the stress 
pattern induced by tube sinking, which 
usually occurs as the tube first enters 
the tube-drawing die (Pig. 19) 

Electroplating. Residual stresses are 
found in electroplated coatings. Be- 
cause lead, cadmium, tin and zinc creep 
sufficiently at room temperature to 
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Fig. 9. Tangential Residual Stresses De- 
veloped in a 2-In. Shaft of 1040 Steel 
Built Up 0.040 In. from a 2-In. Diam 
with Unalloyed Electrodes. The same 
pattern results whether metal is laid 
down along or around the shaft. The 
stress at the surface increases slightly 
with thicker deposits and can decrease 
on very thin shafts. (H. Buhler, 1954) 


relieve stress in general, plates made of 
these metals do not harbor significant 
residual stresses. Copper, nickel or 
chromium plates, on the other hand, 
develop high residual stresses. Stresses 
may be either tensile or compressive 
(5,000 psi to 415,000 psi in copper 
from cyanide baths, 10,000 psi to 
+ 65,000 psi in nickel from chloride- 
sulfate baths) depending on bath com- 
position (including pH, impurities and 
addition agents), bath temperature, 
current density and plate thickness 
Figure 20 shows how iron contamina- 
tion in a chloride-sulfate bath affects 
the residual stresses of a nickel plate. 


Effects of Residual Stress 


Warping. Cutting into a metal that 
has residua) stresses will cause it to 
deform. There is nothing any more 
mysterious in this reaction than the 
popping up of a jack-in-the-box when 
it is opened. In both instances an im- 
pounded stress is unleashed and elas- 
tic deformation results. Machining the 
skin off cold drawn or quenched bars 
(as in cutting screw threads, milling 
slots or keyways, or simply machining a 
shaft to closer tolerances) will cause 
“snaking”, especially where the amount 
of skin machined off is not symmetrical 
about the axis. When strip has been 


Fig. 10. Residual Stresses Developed on 
Plastic Bending. The upper lef{t-hand 
sketch shows the direction in which the 
bar is bent plastically. Longitudinal 
residual stresses, L, operate as shown 
by the arrows. The foreground drawing 
is a chart of the distribution of these 
longitudinal residual stresses. Note that 
the side that was stretched plastically 
is left in compression and vice versa. 


unevenly reduced in thickness, slitting 
across its width will produce cambered 
narrow strip. Warping can cause sec- 
ondary effects. A hole drilled into a 
metal may close slightly as a result of 
the release of residual stresses; drills 
and reamers snap off because of the 
consequent binding, and the metal is 
blamed for poor machinability! 

Breaking of Metals When Cut. When 
a metal is parted, the pattern of resid- 
ual stresses is changed throughout the 
rest of the body. That change may be 
sO great as to raise the stress above the 
fracture strength of the body at some 
point, and failure will result. An ex- 
ample, familiar to those who can recall 
their high school physics demonstra- 
tions, is Prince Rupert drops-——those 
glass teardrops loaded with residual 
stresses that explode when their tips 
are snapped off with a pair of pliers. 

Milling the notch into Charpy bars 
of high-strength brittle steels often 
opens a split in advance of the notch 
The original residual stress pattern and 
the changes in it wrought by the mill- 
ing of the notch lead to the breaking, 
as given in Pig. 21 

Breaking of Metals Because of Stress 
Relaxation. The changes in residual 
stress pattern that lead to fracture, as 
described heretofore, can be brought 
about by agencies other than mechan- 
ical parting. The milling of the notch 
in the Charpy bar is not the immediate 
cause of the crack shown in Fig. 21. 
The immediate cause was the removal 
of the stress over the portion of the 
width occupied by the notch AB as 
shown in Fig. 21(a). This caused the 
remaining residual stress pattern to 
change. The bar would have cracked 
just as readily if the stress over AB 
had been removed by stress relaxation. 
Metals are inhomogeneous structures 
and stress relaxation proceeds at some 
points more rapidly than at others 
along grain boundaries, near some in- 
clusions or voids—and stress relaxation 
here may shift stress pattern so as to 
break the metal elsewhere 

Since stress relaxation causes the 
break, fracture will occur only after a 
time interval. Examples of such fail- 
ures include the fracturing of a pro- 
jectile tip some time after it has passed 
through armor plate; the cracking of 
a thick-walled steel tube on a radial 
plane at the bore some time after be- 


Fig. 11. In the Lower Plane the Di- 
rection of the Radial Stresses, R, and 
Tangential Stresses, T, Is Given. Their 
distribution in a sheet compressed lo- 
cally is shown in the two charts above 
Both are equal and compressive at the 
center of the compression Radial 
stresses decrease smoothly from this 
value to zero stress at great distances 
from the compression, tangential stress- 
es become tensile and diminish to zero 
at great distances from the center. 
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external 
explosion of 


ing released from 
the delayed 
bearings upon removal 
bling barrel; the spontaneous crack- 
ing of quenched and tempered steel 
helmets weeks after being hit by test 
bullets; the spontaneous disintegration 


pressure; 
steel ball 
from a tum- 


of projectiles after heat treatment. 
H. M. Howe wrote in 1920: “In the 
early days of making armor-piercing 


shells, spontaneous and violent aging 
rupture was so common that the shells, 
after hardening, used to be stored for a 
considerable length of time in a room 
to which nobody was admitted.” 
Breaking of Metals in the Presence 
of Liquid Metals. Liquid metals can 
crack solid metals that are residually 
stressed. Figure 22 shows the relation 
between stress and the time to fracture 


for cartridge brass exposed to mer- 
cury. The important point here is 
that without stress—indeed below a 
critical stress—cracking never occurs 


Thus, for example, properly stress-re- 
lieved cast iron pots will hold liquid 
solder or tin for years without failure, 
though they will fail in 24 hr if not 
stress relieved. Similarly aluminum 
solder will crack aluminum alloys if 
they contain residual stresses 
Fire-Cracking. Metals sometimes 
crack when heated rapidly. Several 
factors may be involved. Heating speeds 
up stress relaxation, and this can cause 
cracking, as mentioned before. Thus the 
projectiles that cracked after passing 
through armor plate did so with greater 
frequency when put into boiling water 


than when held at room temperature. 
They remained unbroken indefinitely 
when kept in ice water. Heating will 


also melt low-melting immiscible con- 
stituents in an alloy, and this intro- 
duces failure as a result of liquid metal 
attack. Thus, residually stressed, lead- 
bearing brasses are more susceptible to 
fire-cracking than lead-free alloys. 
Stress-Precipitation Cracking. Alloys 
that lay down a precipitate more 
voluminous than the matrix throw the 


matrix into tension, Cracking can run 
through such metals when they are 
aged (see page 89) 

Residual Stresses and Fatigue. The 
relationship between fatigue and re- 
sidual stresses is controversial. In 


many instances fatigue life is increased 
when compressive residual stresses are 
into a 


put metal where the fatigue 


Fig. 12. Two Types of Residual Stress 
Patterns That Exist in Rolled Strip 
Residual stresses lying in the rolling 
direction will vary over any cross sec- 


tion of the strip. In the upper illustra- 
tion the longitudinal stresses are com- 
pressive at the rolled surfaces (points 
on the three-dimensional chart behind 
the reference cross-sectional plane rep- 
resent compression) and tensile in the 
interior of the metal. In the lower il- 
lustration the longitudinal stresses are 
tensile at the rolled surfaces and com- 
pressive in the interior of the metal. 


crack would normally start (Fig. 23) 
There are those who oppose drawing 
from these data a simple cause-and- 
effect connection between fatigue life 
and residual stresses, on the grounds 
that the methods used to introduce 
residual stresses also introduce other 
effects that may be the immediate 
cause for increasing fatigue life: for 
example, while inducing compressive 
residual stresses on the surface of a 
metal, shot peening also cold works 
the surface, thereby raising the tensile 
strength and related fatigue strength 
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Fig. 13. Effect of Roll Diameter, Strip 
Thickness, and Reduction in Thickness 
on Magnitude of Longitudinal Residual 
Stress at Surface of Rolled Strip of 444 


Bronze ee (R. M. Baker, R Rick- 
secker and W. M. Baldwin, Jr., 1948) 
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Fig. 14. Longitudinal Residual Stress at 
the Surface of Rolled Strip as a Func- 
tion of Rolling Schedule. Roll radius 
was 13 in. (R. M. Baker, R. E. Rick- 


secker and W. M. Baldwin, Jr., 1948) 


(b) 


(a) 


Fig. 15. Two Types of Residual Stress 
Patterns Found in Drawn Wire or Rod 


fc) 


(b) Defines the directions in which 
longitudinal stresses, L tangential 
stresses, T, and radial stresses, R, oper- 


ate. In (a) and (c) three-dimensional 
charts illustrate how each of these 
stresses varies from point to point over 
a cross section of the rod. In (a), for 
example, the graph shows the longitu- 
dinal stresses at the surface of the rod 
to be severely compressive (compressive 
stresses are indicated by points belou 
the reference cross section) rising to 
highly tensile values at the rod aris 
(tensile stresses are indicated by points 
above the reference cross section) 


Definitive 
but the 


work is still needed here, 
weight of currently available 
evidence favors a _ direct relation- 
ship: specifically, compressive residual 
Stresses delay fatigue failures, and ten- 
Sile stresses hasten fatigue failures 

Typical of the evidence in this direc- 
tion is the example shown in Fig. 24 
a fatigue crack developing in a ball 
bearing where tensile stresses predomi- 
nate. Shafts and axles straightened by 
bending plastically by three-point beam 
loading are notoriously poor performers 
where fatigue is concerned The 
fatigue failure usually begins next to 
the load point on the compressed side 
of the beam. The residual stresses on 
this side are tensile (Pig. 10). 


Relief of Residual Stresses 


From the preceding section it is 
obvious that residual stress patterns in 
general are deleterious where warping 
is a problem and that regions of re- 
sidual tensile stress can be dangerous 
where certain forms of breaking are to 
be considered 

General relief and diminution of re- 
sidual stresses can be obtained by heat- 
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Fig. 16. Approxrimate Longitudinal Re 
sidual Stress at the Surface of the Rod 


in Cold Drawn Bra Wire, as a Fune- 
tion of Reduction in Areu (W. Linicus 
and G. Sachs, 1932) 


Fig. 17. Residual Stress Patterns Found 
in Sunk Tube. The sinking operation is 
illustrated in section in the background 
A small element is shown in the tube 
which serves to define the longitudinal 
stresses, L, and the tangential stresses, 
T. The distribution of these is shown 
at the right where points above the 
reference planes represent tension and 
points below represent compression 
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ing the metals. The residual stresses 
become eliminated in two ways, thus: 
Heating decreases the yield strength 
of the metal so that residual stresses 
deform the warm metal plastically and 
are thereby relieved. Stress relief by 
this method is immediate on heating 
but is limited in degree. The stresses 
can never be cut below the yield 
strength of the metal at the tempera- 
ture used. Such relief of stresses is 
sometimes deleterious, however. The 
plastic deformation that relieves the 
stresses is a form of warping that may 
be serious in parts requiring close di- 
mensional control. Plastic deformation 
can also cause fracture, as noted in 
the paragraph “Pire-Cracking”. 
Second, residual stresses theoretically 
will relax or die out at any temperature 
if given enough time. It should be re- 
membered, however, that the creep of 
ferrous metals at room temperature is 
probably measured in terms of hun- 
dreds or thousands of years. Thus stor- 
ing of castings for several months will 
not stress relieve them. The ineffective- 
ness of this is discussed on page 33, 
Table XXV of this Supplement. Heating 
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Fig. 18. Approximate Residual Hoop 
Stress at Outer Surface of Sunk Tube 
as a Function of Reduction in Diameter. 
Reductions were effected in a single 
pass. (D. K. Crampton, 1930; G. Sachs 
and G. Espey, 1942; R. E. Spear, 1955) 


accelerates this tendency and brings 
the time for stress relief within rea- 
sonable production times. In contrast 
with the first method of stress relief by 
heating, stress relief by this method is 
not limited to any temperature, but 
neither is it immediate in effect. Parts 
that might crack if heated suddenly 
(fire-cracking) can frequently be stress 
relieved without trouble if heated slow- 
ly. It should be remembered that heat 
and time can anneal a metal in the 
normal sense-—that is, soften the metal 
and eliminate the effects of cold work. 

The production man is frequently 
interested in knowing whether anneal- 
ing the residual stresses out of his 
metal will take so much time or such 
high temperature that he will lose the 
cold worked temper of the metal, too. 
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In some metals (for example, brass) he 
may relieve stresses without softening. 
In other metals (for instance, steels) 
some overlapping occurs and he must 
compromise; either he must take some 
softening to get complete stress relief, 
or he must be satisfied with partial 
stress relief to avoid softening. 

Table I lists temperatures and times 
commonly used in the stress relieving 
of metals and alloys. Times shorter 
than those given afford less relief; 
longer times may bring on softening. 
Higher or lower temperatures than 
those given may be used, provided the 
time at temperature is shortened or 
lengthened accordingly. The general 
rule of thumb is to cut the time in 
half for each 10 F increase in temper- 
ature contemplated, or to double it for 
each 10 F decrease contemplated. In- 
stances of partial stress relief without 
softening (as in steels) are indicated by 
parentheses in Table I. 

Mechanical Methods. It is not al- 
ways possible to eliminate residual 
stresses by heating. For example, where 
stress precipitation cracking is a factor, 
any attempt to stress relieve the metal 
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Fig. 19. Aperouimate Residual Hoop 

Stresses at Outer Wall Surface of 

Drawn High Brass Tube. Reductions 

were made in a single a (D. K. 


Crampton, 193 


thermally brings on the very precipita- 
tion that causes cracking 

In other instances mere reduction of 
stress does not give the maximum 
benefits. Tensile residual stresses may 
be detrimental to fatigue life; relief 
of them may increase fatigue life: 
but substituting compressive residual 
stresses for tensile stresses will double 
the benefits gained by mere relief. For 
these reasons, residual stress patterns 
are frequently relieved or changed by 
mechanical working methods based on 
the principle that any working process 
will superimpose its distinctive residual 
stress pattern on any that already 
exists in the metal. 

Stretching a metal only slightly, but 
enough to put it into the plastic state, 
reduces any residual stresses (Fig. 25). 

Rolling, shot blasting, peening, and 
other surface working processes are 
used to induce compressive residual 
stresses at surfaces subjected to high 
fatigue stresses or stress corrosion. 

These methods must be used judi- 
ciously, however. Stress precipitation 
cracking that occurs in drawn rods 
can be prevented if the residual! stress 
pattern from drawing (Pig. 15) is added 


to that resulting from surface rolling 
(Pig. 12). Since the two patterns are 
opposite in shape they can be com- 
bined so that residual stresses are 
virtually canceled. On the other hand, 
experience shows that too light a sur- 
face rolling will cancel only those re- 
sidual tensile stresses near the surface 
which have resulted from the rod draw- 
ing, but will fail to eradicate deeper 
residual stresses. Cracking can still 
occur below the surface, where it is 
far more insidious because it escapes 
superficial inspection but can still play 
havoc in subsequent machining opera- 
tions or fatigue performance. 


Measurement of Residual 
Stresses 


The main appeal of qualitative tests 
for residual] stresses is that they are 
fast, simple, and inexpensive, relying on 
the principle of stress-corrosion crack- 
ing. The metal is submerged in a rea- 
gent that will cause stress corrosion. 
If stresses greater than the critical 
value are present, the test specimen 
will crack—sometimes with explosive 
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Fig. 20. Increase of Residual Stress in 

Nickel Plate as a Result of Iron Con- 

tamination in Chloride-Suljate Bath 
H. J. Noble, 1955) 


Fracture Stress 

Fig. 21. (a) Crack Frequently Found at 
Root of Notch Milled in Brittle Steels 
Having Residual Stresses. (b) A resid- 
ual stress in the original blank causes 
cracking when the notch is milled 
(c) Removal of metal at bottom of 
blank removes a tensile force. Remain- 
ing stress pattern changes from dashed 
lines to solid lines and sends stress over 

fracture stress at root of notch. 
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violence. The tests are sensitive to sur- 
face preparation, reagent cleanliness, 
and other important details. The 
oldest and most reliable test of this 
type is the immersion of brasses in 
mercurous nitrate solution (ASTM 
B154). Others include potassium chro- 
mate solution for magnesium, boiling 
sodium nitrate solution for stainless 
steels, ferric chloride solution for gold 
and silver alloys, hydrochloric acid for 
ferritic steels, and sodium hydroxide 
solution for aluminum alloys. Because 
of the specific relations between solu- 
tion and metal in_ stress-corrosion 
cracking these tests must be carefully 
standardized 

Quantitative and semiquantitative 
tests in which actual values of residual 
stresses are obtained are with two ex- 
ceptions based on parting the metal 
mechanically in a regular and con- 
trolled manner and noting the resulting 
deformation. Frequently these defor- 


mations are small so that temperature 
of the test specimen must be controlled 
carefully. Furthermore, parting meth- 
ods should not in themselves introduce 
or relieve residual stresses; that is, tool 
forces should not be so heavy as to 
leave their own residual stress pattern 
in the piece. The more common meth- 
ods, the formulas used, and some of the 
precautions that should be observed in 
their use are illustrated in Fig. 26 to 37 
and are discussed hereafter. 


Johnson's Method (Fig. 26). Longitudinal 
filaments are cut from the body. Their 
lengths before and after sectioning (/ 
and /-, respectively) are measured. The 
stress in the direction of the filament «, is 


given by 


where - is Young's Modulus. If the effects 


Table I. Typical Stress-Relief Treatments 


Metal 
Gray cast iron 


Less than 035% C 

Less than 0.35% C 
More than 035% C 
More than 0.35% C, 


less than *4 in 

‘+, in. or greater 
less than ', in 

‘15 In. or greater 


Less than 0.20% C 
0.20 to 0.35% C 


Specially killed for service at low temperature 


Carbon-Molybdenum Steel (all thicknesses) 


Time at 
Temperature,'") hr 


Temperature,‘*’ 
deg Fahr 


800 to 1100 Sto 


Carbon Steel 


Stress relief usually not required‘) 
(1100 to 1250) 1 

Stress relief usually not required‘*) 
(1100 to 1250) 1 
(1100 to 1250) 1 


(1100 to 1250) 2 
(1250 to 1400) 


Chromium-Molybdenum Steel (all thicknesses) 


2% Cr, 05% Mo 
Cr, 1% Mo and 5’ 
or, 1% Mo 


Cr, 05% Mo 


Types 410 and 430 
Type 405.. 


Types 304, 321 and 347 
Type 316, more than 
Types 309 and 310, more than % in 


in 


Chromium Stainless Steel (all thicknesses) 


1325 to 1375 2 
1350 to 1400 3 
1375 to 1425 


(1425 to 1475) 


Stress relief usually not required for thicknesses less than *4 in.‘") 


Chromium-Nickel Stainless Steel” 
Stress relief usually not required for thicknesses less than *,4 in.'") 
2 


1500 
1600 2 


Welding Dissimilar Materials” 
Cr-Mo steel! to carbon steel or to C-Mo steel 
Types 410 and 430 to any other steel 
Cr-Ni stainless steel to any other steel 


Copper Alloys 


1350 to 1400 3 
1350 to 1400 3 


As required for the steel to which Cr-Ni stainless 
steel is joined 


Copper 2 
90 Cu-10 Zn 400 1 
80 Cu-20 Zn, 70 Cu-~30 Zn 500 1 
63 Cu -37 Zn 475 1 
60 Cu -40 Zn 375 Wy 
70 Cu-29 Zn-1 Sn 575 1 
85 Cu-15 Ni, 70 Cu -30 Ni 475 1 
6 Cu-18 Zn- 18 Ni 475 1 
95 Cu-5 Sn, 90 Cu-10 Sn 375 1 
Magnesium Alloys 
M-1, hard rolled sheet, 1.5 Mn 400 1 
M-l extrusions, 1.5 Mn 500 % 
AZ31X hard rolled sheet, 3 Al, 1 Zn, 0.3 Mn 300 1 
AZ31X% extrusions, 3 Al, 1 Zn, 03 Mn 500 % 
AZ51X hard rolled sheet, 5 Al, 1 Zn, 0.25 Mn 375 1 
AZ61X extrusions, 6 Al, 1 Zn, 0.25 Mn 500 % 
AZ8#0X extrusions, 85 Al, 05 Zn, 0.15 Mn 400 l 
AZ#0X HTA extrusions, 4.5 Al, 05 Zn, 0.15 Mn 600 % 
Nickel Alloys 
Nickel and Mone! 525 to 600 3tol 
“K" Monel and “KR” Mone! 525 to 600 3tol 
80 Ni-~20 Cr, Inconel, 60 Ni-25 Fe-15 Cr 700 to 900 3tol 


(a) Temperatures in parentheses give partial relief of stresses 
ing which the entire piece is at temperature 
Rate of heating should be less than 200 F per hr 


dimensional stability. (d) 


(b) The interval dur 
in order to obtain 
For the 


(c) Uniess necessary 


other ferrous metals a heating rate of less than 400 F per hr is recommended. All fer- 
rous metals should be cooled from the stress-relieving temperature at a rate not greater 


than 200 F per hr. 


Surfoce, in 


Depth below 


of the transverse stresses are neglected, 
the stress in the direction of the filament 
may be in error by as much as 30%. The 
technique is well suited to irregular shapes 
(rails, for example) 

Crampton's Method. A tube is split on a 
radial plane (Fig. 27). The thickness of 
the tube, ¢, and the diameter before and 
after splitting (D_ and D, respectively) are 
measured. The hoop stress at the outer (or 
inner) surface is given by 


1 1 
” t 
i-yv ( D, ) 


where v is Poisson's ratio 

This equation assumes that the stresses 
vary from a maximum absolute value at 
the outer surface to a maximum absolute 
value at the inner surface according to 4 
straight line. This may be wholly untrue 
The tube should be at least twice as long 
as its diameter to obtain reliable results 

Anderson and Fahiman Method. A 
tongue is milled from the tube (Fig. 28) 
The thickness of the tube, ¢, the length of 


the tongue, /, and the distance between 
the tip of the tongue and tube wall, /, 
are measured. The longitudinal residual 


stress at the outer tube wall is given by 
tf ) 
1 v ( u 
This equation is based on the same assump- 


> 60 


107 
Time to Crock, sec 


10 


Fig. 22. Cracking Time for a Stressed 
Cartridge Brass Immersed in Mercurous 
itrate (H. P. Croft, 1941) 


Not Peened | 


Peened 


hot} 


Strain Peened 


4 
Fatique i fe ycles 


Residual Stress, (OOO ps 
Fig. 23. Increased Fatigue Life (Uni- 
directional Stress Between Zero and 
200,000 Psi Tension) in Peened, Heat 
Treated 5147 Steel 
Compres 
] | 
O/ 
80 40 O 
Stress. Kt psi 


Fig. 24. Residual Stresses in a 13/16-In 
Ball Bearing Made of 52100 Steel Nor- 
malized at 1635 F, Air Cooled, Austeni- 
tized at 1440 F, Water Quenched and 
Tempered at 250 F for ‘% Hr Are Shown 
at Left. Fatigue crack developing in 
tensile region is shown at right ole 
how crack veers parallel to ball-bearing 
surface when it reaches the compres- 
sively stressed surface layer. The sur- 
face eventually spalls off 
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Fig. 25. The Action of Stretching on 
Residual Stresses Operating in the Di- 
rection of Stretching. Original residual 
stress state is shown at left. Stretching 
the bar carries the metal into the plas- 
tic state in the outer edges as shown 
in the middle, so that on relief of the 
stretching, residual stresses are reduced 
as at the right. 


tion as Crampton’s and is liable to the 
same error, Best results are obtained when 
the tongue width is 10 to 15% of the tube 
diameter 

Anderson and Fahiman Method (Applied 
to Sheet). A sheet is split on its central 
plane (Fig. 20). The total sheet thickness, 
t, the length of the cut, /, and the gap 
opening, f (the distance from tip of one 
curled back half to the other), are meas- 
ured, The longitudinal stress «, at the 
strip surface is given by 


( tf 


This equation is based on the same as- 
sumption as Crampton’s and is subject to 
the same error 

Kreitz’ Method. This is the same as 
Anderson and Fahiman’s method applied 
to rods. The rod is first cut into a slab 
and then split as shown in Fig. 30. The 
formula is the same as in the Anderson- 
Fahiman method applied to strip 

Treuting-Read Method. A succession of 
layers are etched off one side of sheet 
(Fig. 31). The radii of curvature in two 
directions, r, and r,, and the sheet thick- 
ness, ¢, are measured as each layer is 
removed, From these, two parameters are 
calculated 

1 v 1 v 
r 

and plotted against the sheet thickness 
The slope of these curves di’ /dt and 
dP/dt at a given value of ¢, the area under 
these curves from ft t (the original 
thickness) to the given value of f¢, 


t 


dt 
t, 


and the values of /’, and P’, at this value 
of ¢ are substituted in this formula to 
obtain the values of the residual stresses 
#, or a, at the value of ¢ 


dP, 
6(1—v) dt 


The stresses determined by these equa- 
tions are true 
Siebel and Pfender Method. Blocks in 
two directions perpendicular to each other 
are cut out of a sheet as shown in Fig. 32. 
The lengths between two gage marks in 
these blocks are measured before and 
after sectioning, , and | respectively, for 
one block, and and |, for the other 
These measurements are converted to 
strains according to 


€, 


The stresses operating in the direction of 
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the lengths of these two blocks are given 
by 


These equations assume that the stress in 
the sheet is the same throughout the sheet 
thickness 

Mathar’s Method. A hole is drilled out of 
a sheet or into a thick chunk of metal 
(Fig. 33). Strain gages having been placed 
radially around the hole before it was 
drilled, the strains in three different direc- 
tions are read off. When the gages are 
placed 120 deg from one another, the for- 
mulas for the stresses at the surface of 
the sheet are 


A B 
+ 
( l—v 14 =) 
A B 
eo, 
1 v 1 v 


Here #, and «, are the principal stresses 
and 
% (e,+ €, + €,) 

where ¢£,, €,, and €, are the three measured 
strains 

Four-Shot X-Ray Method. An x-ray 

beam is directed at the surface of a metal 
from four different directions successively 
(Fig. 34). Most conveniently these direc- 
tions are: one shot normal to the surface, 
the other three shots at 45 deg to the 
surface and with their projections on the 
surface 60 deg from one another. The 
lattice parameter is calculated from those 
diffraction rings that are as close to a 
90-deg diffraction angle as possible, for all 
four shots; d, is the parameter figured 
from the perpendicular shot; d,, d,, d, are 
the parameters from the other three shots 
The stress lying in the surface of the metal 
and in the direction of the projection of 
the three inclined shots is given by 


d d 
s.2 i 2,3,4 
214+ v) d 


for the angles mentioned above 

The principal stresses in terms of these 
stresses (assuming shots 2, 3, and 4 are 
made at 60-deg jumps) are 


r 


if f 


tan @ 


where @ is the angle between the projec- 
tion of the third shot and the first prin- 
cipal stress. 

A short-cut procedure is the two-shot 


t 
+ 4(¢. P rat | 


t 
4(t, +t) PL 4 2/, rat | 


method. In determining biaxial stresses, 
one shot is made normal to the surface 
and another shot at 45 deg to the surface 
The specimen is then rotated 90 deg, and 
the procedure is repeated. By this method, 
the spacing of the diffraction rings is 
related to the tangential and longitudinal 
stresses existing in the piece 

Heyn and Bauer's Method. Successive 
layers are machined or pickled off a rod 
(Fig. 35). The length, /, and diameter, d, 
are measured at each removal. The prod- 
uct e¢,a (where «, is the longitudinal strain 
and is the cross-sectional area 
of the rod calculated from nd*/4) is plotted 


as a function of a. The slope of this curve 
dita)/da at a given radius is substituted 
in the formula 


dta 
( da ) 

to obtain the longitudinal! residual stress, 
#,, at the radius in question. The neglect of 
the transverse stresses in this formula 
makes the value of the longitudinal! stress 
only an approximation. The true stress 
may be as much as 30% different from 
this value 

Mesnager-Sachs Method. A hole is bored 
out of a rod (or tube) at successively 
larger radii (Fig. 36). The length of the 
rod, |, and its outside and inside diameters 
D® and D', respectively, are measured after 
each removal. The longitudinal t and 
tangential strains are formed as follows 


— 
and €, 
Dy, 


where the subscript “s indicates the 
original value of the length or diameter 
before boring. These strains are assem- 
bled into the parameters 


A= €, + ve, and =e, + ve 


These parameters multiplied by the area 
of the remaining tube are plotted as a 
function of the area of the remainder of 
the rod, a. The slopes of these curves, 
diak)/da and dia@)/da, at a given diameter 
of the rod, yield the longitudinal, tan- 
gential, and radial residual stresses, s,, «,, 
and «a respectively at that diameter, 
according to the formulas 


diaa) 
. 1 v ( da a ) 
E d(a6) 
1 v ( da ) 
” 
1 v ( 2\a a) ) 


Alternate Mesnager-Sachs Method. A 
hole is bored out of a rod; then succes- 
sive layers are machined off the outside of 
the rod (Fig. 37). The rod length, /, and 
inside and outside diameters are measured 
after each removal, The mode of calculat- 
ing the stresses is the same as in the 
preceding method 
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Fig. 26 to 37. Schematic Represen- 
tation of Twelve Methods for Meas- 
uring Residual Stresses 
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AMONG THE METHODS for apply- 
ing metallic coatings (electroplating, 
cladding, metal spraying, vacuum 
evaporation, chemical reduction, dis- 
placement, and hot dipping) electro- 
plating is the most widely used 

The primary purpose of electroplated 
coatings is twofold: to protect against 
corrosion and to enhance the appear- 
ance of the common metals, which, 
although satisfying the requirements of 
availability, cost and mechanical prop- 
erties, are attacked by moist atmos- 
pheres and by various liquids that come 
into contact with them. Other pur- 
poses for electrodeposits include resist- 
ance to wear and abrasion, improve- 
ment of surface electrical conductivity, 
rebuilding of worn parts and other uses 


as discussed in the last part of this 
article 
Corrosion attack may be severe, as 


that experienced by steel in marine at- 
mospheres; or mild, as that which 
discolors brass indoors. The attack on 
the basis metal can be prevented or 
mitigated by electroplates that either 
envelop the susceptible surface com- 
pletely or inhibit the corrosive action 
electrochemically. In addition to pre- 
venting corrosive attack, the protective 
film may be required to withstand 
wear or abrasion, or it may be expected 
to impart sales appeal to an otherwise 


unattractive article 
The information in this article is 
divided into two principal sections: 


and Protective-Decorative 
Coatings, and Special-Purpose Electro- 
plates. These sections are subdivided 
according to the metals commonly used 
as coatings, and examples of applica- 


Protective 


tions for each coating are given with 
an indication of the factors that de- 
termine the selection. 


General Considerations 


In selection of suitable electrode- 


posits, adequate information is needed 
concerning several factors 
Service Performance of different 


coating metals is usually the most im- 
portant factor and will be determined 
by considerations such as: nature of 
environment; whether protection is 
anodic (sacrificial) or by envelopment, 
and whether abrasion will be encoun- 


tered. Performance data will usually 
indicate the coating metal and the 
thickness necessary to meet require- 


ments for length of service expected. 
Appearance. The luster and its per- 
manence are sometimes more impor- 
tant than protective properties of the 
deposited metal. The truly decorative 
finishes, such as chromium, brass, gold 
and silver, belong in this group. Zinc 
can be deposited with a lustrous finish 
but unless the deposit is lacquered it 
soon becomes dull after outdoor expo- 
sure. Cadmium plate has a bright ap- 
pearance but is easily stained and 
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finger marked. Recent improvements in 
the solutions used in bright nickel plat- 
ing not only permit a bright deposit, 
but also will level slight polishing im- 
perfections. This may be an important 
economic factor 

Physical Effects. Hydrogen embrittle- 
ment of medium-carbon and high- 
carbon steels, particularly those under 
high residual or applied stress, can 
result from the hydrogen evolved dur- 
ing cleaning, plating and treating in 
acids. Sometimes the fatigue strength 
of steel is affected adversely by electro- 
deposits that involve high tensile stress 

Cost. In electroplating, the metals 
most commonly used vary greatly in 
cost but the total cost of finishing does 
not necessarily vary in the same ratio 
The method of deposition, whether by 
barrel plating or individual suspension 
of each article, is an important con- 
sideration. Racking and masking, if 
necessary, and the surface preparation 
that precedes plating are important 
items of expense 


Supplements the article on pages 
716 to 720 of the 1948 ASM 
Metals Handbook 


Influence of Shape 


The thickness of an electrodeposited 
coating varies from projections to de- 
pressions, unless elaborate racking or 
other plating devices are utilized to 
eliminate or reduce this tendency 
Without these modifications, too costly 
for many applications, the coating 
is always thicker at projections and 
thinner in depressions, and varies with 
the size and shape of the projection or 
depression. Also, the article should be 
designed so that all surfaces to be 
plated can be reached by the cleaning 
and rinsing as well as the plating 
solutions. Solutions trapped in pockets 
and deep contaminate one 
bath with another as the part moves 
through the plating cycle, and un- 
sightly defects also result 

Another provision necessary in the 
design is for the escape of gases that 
are released during cleaning and plat- 
ing. If these are trapped in pockets, 
they force the solution out of the pock- 


recesses 


ets and result in unplated areas, If 
because of shape, the part will not 
conduct the plating current uniformly 
to all surfaces from a single point 


of cathode contact, multiple contacts 
must be provided in the rack design 


The effect of projections and de- 
pressions on the uniformity of the 
coating thicknesses from various baths 
is exemplified by an open-end box 
(4-in. cube). The open end of the 
box was pointed toward one of the 


anodes to produce the most desirable 


condition for this shape without 
auxiliary thieve-rings, shields, bipolar 
anodes, insoluble anodes or other de- 


vices. Results of plating this box in sil- 
ver (cyanide), copper (cyanide), cad- 
mium (cyanide) and nickel (sulfamate) 
are shown in Fig. 1. These diagrams iI- 
lustrate two facts: thickness of plate 
varies significantly from place to place 
on the simplest shape; and various 
plating baths have different throwing 
power or ability to plate uniformly 


over the surface, regardless of shape 

The data in Table I show that the 
silver-plated box was the most uni- 
formly plated, and that even with the 
most uniformly plated part, the aver- 
age thickness on the inside bottom of 
the box was only 20% of that on the 


outside of the bottom. This table indi- 
cates also that in these particular teats, 


cadmium (cyanide) has more than 
twice the throwing power of nickel 
(sulfamate); copper (cyanide) about 
three times; and silver, four times 


Uniform covering of the object is rarely 


the most important factor. However 
the values in Table I may be varied 
to a limited extent by changing the 


composition of solution and the oper- 
ating conditions. Normally, the metals 
plated from cyanide or alkaline baths 


will be more uniformly distributed than 
metals from 


acid baths 
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Silver (Cyanide) 


Copper (Cyanide) 


Cadmum (Cyanide) 
6 O78 


Fig. 1. Cross Sections of Plated 
Bores (4-In. Cubes Having Open 
End Pointed Toward Anode During 
Plating) Showing Variations in 
Coating Thickness. Numbers indi- 
cate thickness in mils at each loca- 
tion. (Drawing is not to scale.) For 
thickness ratios see Table I below. 


Table I. Effect of Shape of Article and 
Plating Bath on Coating Distribution 


Plating Ratio on Ratie on 

Bath Bottom‘ 
Ag (cyanide 1: 25 1: 
Cu (eyanide) . » 8 3a 1:6 
Cd (cyanide) 1: 4.25 1:12 
Ni (sulfarmate) 1:10.0 1:33 


(a) For open-end box, 4-in. cube, ratio 
of average plating thickness on inside to 
average thickness on outside. (b) Same 
as (a) for bottom of box 

See Fig. 1 for individual measurements 


Some of the solutions widely used 
for plating, arranged in the order of 
least effect of shape on distribution 
(gold plating) to greatest effect of 
shape (chromium plating) are approx- 
imately as follows: gold, silver, alka- 
line tin, alkaline copper, alkaline 
cadmium, alkaline zinc, acid tin, high- 
pH nickel, acid cadmium, low-pH 
(ordinary) nickel, acid copper or zinc, 
iron, and chromium. This order can 
be altered slightly by changes in bath 
composition and plating conditions 

Plating into angles is particularly 
difficult. The plate is thinnest at the 
junction of two flat surfaces meeting at 
less than 180 deg. The angle at which 
the surfaces meet is a factor in de- 
termining the ratio of average to mini- 
mum plate thickness. This ratio in- 
dicates the total amount of plated 
metal required to provide the necessary 
protection to the area of minimum 
thickness. The ideal shape would have 
no acute angles, and all surfaces would 
be equidistant from the anodes in the 
plating tank 

For example, the distribution of the 
plate on a cylindrical surface would 
be uniform, assuming best arrange- 
ment of anodes; that is, ratio of aver- 
age to minimum thickness would be 
1.00. As nonuniformity of plate thick- 
ness increases, this ratio increases 
In one particular example, on two sur- 
faces meeting at a recess angle of 120 
deg, the ratio was 1.9 for electroplated 
nickel; on surfaces meeting at 90 deg 
the ratio was 2.7; and on surfaces 
meeting at 60 deg the ratio was 3.3. The 
larger the recess angle at which the 
plane surfaces meet, the more favorable 
is the shape for plate distribution 

Recessed areas should be provided 
with a radius as large as possible. For 
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example, the recessed area at point 
(a) of Fig. 2 has a ratio of 9; a 
%-in. radius at (b) reduces this ratio 
to 5.5. Projections from plane surfaces 
should blend into the plane surface 
by means of a generous radius; any 
increase in this radius will decrease 
the ratio substantially. 


Galvanie Corrosion 


When two dissimilar metals are in 
electrical contact in an _ electrolyte, 
galvanic corrosion may occur. This 
consists of accelerated attack of one 
metal ‘anodic or more active) and 
reduced attack of the other (cathodic 
or more noble). This type of corrosion 
may arise in the use of electroplated 
steel from two sources: (1) at dis- 
continuities in a metal coating a gal- 
vanic couple exists between the basis 
metal and the coating, and (2) a 
plated part may be used in contact 
with a different metal 

The extent of galvanic attack de- 
pends on many factors. The most im- 
portant are: (1) the nature of the 
two metals, (2) the extent of wetting 
and the conductivity of the wetting 
liquid, and (3) the relative areas of 
anode to cathode 

The behavior of different metals in 
galvanic couples depends on the na- 
ture of the service environment. On the 
basis of tests with a large number of 
corrosive conditions and metal combi- 
nations, some of the common metals 


Mozx,2.6 Mils Mox,3.2 Mils 


Min, 0.1 M Min, 0.2 Mil 
Avg, 0.9 Mil Avg, 
(a) 
Avg... 


Fig. 2. Effect of Radius in Recessed 
Area on Thickness of Nickel Plated 
Coating 


and alloys have been arranged in a 
list called the galvanic series, from the 
least noble or anodic, magnesium, to 
the most noble or cathodic, platinum, 
(Table IT) 

The extent and type of wetting is 
an important factor in determining the 
severity of galvanic attack. For in- 
door service where wetting is infre- 
quent, galvanic corrosion is no prob- 
lem. Outdoors, attack may be rela- 
tively rapid in sea coast and industrial 
environments, where contamination, 
hence conductivity, of rain and con- 
densed moisture is high 

Several rules apply in choosing a 
metal combination for use in corrosive 
environments: 


Select metals as close together in the 
series as possible 

For the anodic protection of steel, 
metals above steel in the series should 
be selected. 

Avoid combinations having a smaller 
area of the more anodic metal than 
of the cathodic or more noble metal. 
Such combinations result in excessive 
current density on the anodic areas 
Dissimilar metals should be insulated 
whenever possible to minimize gal- 
vanic corrosion. 


Typical Applications. Zinc is more 
active than steel: so at discontinuities 
in zinc plate, the steel is protected 
Nickel, on the other hand, is less ac- 
tive than steel and will normally ac- 
celerate the corrosion of steel at dis- 
continuities in nickel plate 


Table Il. Galvanic Series of Metals 
and Alloys 


Corroded end 


‘anodic, or least noble) 


Magnesium Bronzes 
Magnesium alloys Copper-nickel alloys 
Zinc Monel 
Aluminum alloy Silver solder 
1100 (2S) Nickel 
Cadmium Inconel 
Aluminum alloys Chromium iron 


2017 (178) 
2024 (24S) 
Steel or iron 


18-8 Stainless 
18-8 Mo Stainless 
Hastelloy C 


Cast iron Silver 

Nickel cast iron Graphite 

Lead-tin solders Gold 

Lead Platinum 

Tin Protected end 
Brasses (eathodie or most 
Copper noble) 


When stainless steel, ordinary steel 
and brass components are cast into 
aluminum and magnesium parts, the 
inserts should be coated with cadmium 
or zinc to reduce the electropotential 
difference between the aluminum or 
magnesium and the inserted compo- 
nents to decrease galvanic corrosion 

If moisture is present, and external 
corrosion conditions are encountered, it 
is helpful to insert a zine chromate 
primer between the plated parts and 
the magnesium or aluminum. This type 
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of system affords 
—electrochemical and direct insula- 
tion between contacting surfaces. For 
applications involving copper or cop- 
per alloy parts in contact with steel in 
environments conducive to galvanic 
corrosion, both parts should be plated 
with cadmium to reduce the possibility 
of galvanic corrosion 

In general, if a metal below steel in 
the series must be in contact with the 
steel, and the conditions are favorable 
for galvanic corrosion, then a coating 
(such as cadmium) should be used on 
both metals to lower the electropoten- 
tial between the parts. 


double protection 


Specifications 


The specifications most frequently 
referred to are those published by the 
American Society for Testing Materials 
Some of these were prepared jointly by 
ASTM, the American Electroplaters’ 
Society and the National Bureau of 
Standards. Others are endorsed by AES 
These specifications reflect the com- 
bined experience of representatives 
from suppliers of electroplating ma- 
terials, and manufacturers and 
purchasers (including government 
agencies) of electroplated products, 
Corresponding specifications prepared 
by individual companies and agencies 
are usually similar to those of ASTM in 
requirements, but may be more restric- 
tive in defining properties and testing 
procedures that are most pertinent 
to the specific service conditions an- 
ticipated for particular products. Re- 
quirements commonly specified for 
coatings such as zinc that are applied 
only for protection against corrosion 
include the following: 

1 Thickness may be specified as an aver- 
age, but more frequently as a mini- 
mum on any significant surface 
Thickness may be determined by: (a) 
microscopic examination of the cross 
section, (+) time required for penetra- 
tion of the coating by a corrosive 
solution under standardized conditions, 
fe) magnetic methods, (dj) complete 
stripping (to determine average thick- 


ness) and fe} micrometer measure- 
ments before and after plating. Sig- 
nificant surfaces are those that are 
visible and are subject to corrosion 
or wear or both, and are commonly 
defined as any surfaces that can be 
touched by a ball of given diameter 


(such as 0.75 in.) 


2 Adherence is evaluated visually by the 
extent of flaking and peeling in the 
as-plated condition or by flaking and 


peeling of the plating after deforma- 
tion of the part or test panel. 
Surface appearance is evaluated vis- 
ually for defects 

Basis metal preparation, if improper, 
will result in poor adherence or sur- 
face defects 


— 


For coatings that must be decorative 
as well as protective 


(nickel-chromi- 


Table II. Frequently Specified Nickel- 
Chromium Coatings on Steel for 
Outdoor Exposure 


Minimum Specifications 
1.2 mils Cu plus Ni; final thickness of Ni, 
06 mil after buffing; 0.01 mil Cr if required 


Intermediate Specifications 
2.0 mils Cu plus Ni; final thickness of Ni, 
1.0 mil after buffing; 0.01 mil Cr if required 


These coatings correspond to types FS 
and DS of ASTM A166-55T 


um) the following additional charac- 

teristics may need to be specified: 

5 Appearance of the product may be 

evaluated by comparing it with stand- 
ards for color, gloss and texture 

6 Inherent Porosity may be indicated by 
rust spots after a salt spray test 


Tables III, IV and V list the thick- 


nesses and salt spray requirements 
where applicable, from some ASTM 
specifications on protective coatings 


The coating types are defined by two 
letters: the first is an arbitrary desig- 
nation for grade of plating; the sec- 
ond refers to the basis metal—S for 
steel, Z for zinc, and C for copper and 
copper alloys. Coatings of types DS and 
FS of thickness equal to or greater than 
shown in Table V are frequently speci- 
fled for severe outdoor exposure on 
parts such as automobile bumpers 

Salt Spray Testing. Data from salt 
spray tests generally do not predict 
or correlate with service performance 
of electrodeposited metallic coatings 
When applied to electrodeposited zinc 
coatings on steel, the salt spray test is 
useful only in detecting thin areas. As 
applied to other electrodeposited coat- 
ings, the salt spray test is not repro- 
ducible within itself 


Hydrogen Relief Treatment 


The embrittlement caused by hy- 
drogen released during chemical and 
electrochemical processing of cold 
worked or moderately hardened steels 
can be alleviated by holding the plated 
parts in the range from 250 to 400 F 
for 1 to 3 hr within 15 min of plating 
Sometimes a minimum of 3 hr at 375 
F is specified. All plated ferritic ‘or 
martensitic) steel having a hardness of 
Rockwell C 34 or higher should receive 
the hydrogen relief treatment. Before 
the treatment careful handling during 
finishing operations is necessary to 
prevent stressing of the parts 

When high residual or other stresses 
are present, the treatment should follow 
immediately. If residual stresses are 
severe from grinding or thread rolling, 
it may be necessary to bake the parts 
before plating also 


PROTECTIVE AND 
PROTECTIVE-DECORATIVE 
COATINGS 


Although an electrodeposited coating 
may be selected to serve primarily as 
protection, other factors must often 
be considered-—appearance, effect on 
fatigue strength, environment in which 
the part is used, galvanic relationship 
of the coating to the basis metal, elec- 
trical conductivity of the coating and 
its oxides, mechanical factors of fret- 
ting and general wear, natural forma- 
tion of film, conversion coating pos- 


Table IV. Electrodeposited Coatings of 
Zine on Steel (ASTM Al64-53) 


Type of Minimum 
Coating Thickness mil 
Gs 10 

LS 05 

RS 0.15 


(a) On surfaces that are visible and sub- 
ject to wear or corrosion 

ASTM 6201-55T, on chromated 
coatings, and ASTM B117-ST give 
tional information on zinc coatings 


zine 
addi- 


sibilities, ease of application and the 
general economics of the process 

Decorative coatings are judged pri- 
marily by their appearance, in many 
applications without consideration of 
their protective properties 


Cadmium 


Electrodeposits of cadmium are used 
extensively to prevent corrosion of steel 
cast iron, brass and bronze. Because 
cadmium is anodic to these alloys, they 


are protected at the expense of the 
cadmium in contact with them, even 
though the plated coating becomes 


scratched or nicked, exposing the basis 
metal. However, cadmium reacts with 
water, oxygen and other chemicals in 
the atmosphere to form insoluble cor- 
rosion products, which do not form a 
continuous film or stop further corro- 
sion (generally called “white rusting") 
of the electrodeposit. The corrosion of 
the plate can be inhibited by chromate 
coating, and often must be, to avoid 
unsightly appearance and the malfunc- 
tioning of certain plated parts 

One reason for preferring cadmium 
to zinc is that cadmium plating forms 
a smaller amount of corrosion products 
than zinc (particularly in marine at- 
mospheres) and retains its initial ap- 
pearance for a longer time. This is an 
important consideration in applications 
where a build-up of corrosion products 
would have a detrimental effect, such 
as preventing the flow of current in 
electrical components or movement of 


closely fitting parts. For such appli- 
cations cadmium should be chosen in 
preference to zinc. Also, cadmium is 


more solderable. Cadmium is preferable 
to zinc for plating gray iron and malle- 
able iron castings 

The corrosion of the plating can be 
retarded by applying a supplementai 
chemical conversion coating of the 
chromate type. The chromate films, 
produced by immersing the plated ar- 
ticle in a solution containing chromic 
acid or other chromates and catalytic 
agents, provide protection against ini- 
tial corrosion through the inhibitive 
properties of the water-soluble chro- 
mium compounds present in the films 
These chromate-type conversion coat- 


ings are excellent as bases for bond- 
ing paint or enamel to the cadmium 
plate. However, the chromate finish 


must not be applied before the stress- 
relief heat treatment, or its beneficial 
effect will be destroyed by the elevated 
temperature 

Cadmium plate should not be speci- 
fied on parts that come into contact 
with food because of the danger of 
ingestion of cadmium in food or drink, 
which can result in poisoning 


Table V. Thickness Specification for 
Nickel and Chromium on Steel 
(ASTM Al66-4T) 


Minimum Coating Thickness, mil 
ASTM Type 


Metal DS FS KS Qs 
Cu+ Ni 20 12 0.75 OA 
Final Ni 10 060 040 0.20 
Cr (if 

required) 001 001 

The periods of continuous exposure to 
the salt spray test (ASTM 6117-4T) that 
coatings should withstand without showing 
appreciable corrosion on significant sur- 
faces is a matter for agreement between 


supplier and purchaser 
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Typical Applications. The minimum 
thickness specified for cadmium plate is 
usually between 0.1 and 0.5 mil, depend- 
ing on service requirements. Threaded 
fasteners present a special problem, 
and thicknesses of 0.1 to 0.15 mil are 
usually specified 

If an electrodeposited coating is to 
be applied to a highly stressed part, it 
is important that the processing should 
not decrease the fatigue strength of 
the part. The application of some elec- 
trodeposited coatings, including cadmi- 
um, decreases fatigue strength—largely 
as a result of hydrogen embrittlement 
and failure to observe the precautions 
for baking treatments 

This is particularly important when 
cadmium is plated on parts heat treated 
to hardnesses of Rockwell C 34 and 
higher, for cold worked parts or for 
shot peened or cold rolled parts such as 
roll-threaded bolts or studs. It is cus- 
tomary to stress relieve such parts for 
1 to 3 hr at 375 F immediately after 
plating. Carburized parts and other 
hardened parts that cannot be heated 
to 375 F should be held at 275 F for 
5 hr or longer, This treatment must not 
be omitted for parts that will be highly 
stressed in service 

Springs are often electroplated with 
cadmium to protect them against cor- 
rosion and abrasion. Since the basis 


Fig. 3. Failure of Cadmium Plated 
Spring Caused by Hydrogen Em- 
brittlement during Plating 


metal is under various kinds and 
amounts of stress, imperfections in the 
surface constitute stress raisers and 
are potential points of failure. This 
surface must be protected during fabri- 
cation of the spring and during plating 
Since it is usually necessary to specify 
high-carbon steels for springs, to ob- 
tain high elastic strength, it is impor- 
tant to control the effects of hydrogen 
in the cleaning and _ electroplating 
processes 

Acids, even those containing inhib- 
itors, should not be used for descaling or 
neutralizing unless heating is to follow 
immediately. Other cleaning proce- 
dures for springs must not cause hy- 
drogen to be evolved 

Generally, cadmium coatings are 
selected for the protection of springs 
because less hydrogen is evolved during 
plating than with zine. Alkaline plat- 
ing baths are preferred because of their 
superior throwing power. Electroplated 
springs must be baked at 350 to 400 F 
to release occluded or absorbed hydro- 
gen as soon as possible after electro- 
plating, as described previously. Figure 
3 is an example of a failure of a cad- 
mium-plated compression spring that 
was not properly treated to release oc- 
cluded or absorbed hydrogen. A descrip- 
tion of the spring, which was used in a 
high-temperature relief valve and under 
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intermittent loading is as follows: wire 
size, 0.343 in.; OD of spring, 2.00 in.; 
length, 3.00 in.; six coils; 6150 alloy 
steel at Rockwell C 43; stress relieved 
immediately after coiling. The plating 
sequence was: 

1 Clean with alkaline solution 

2 Rinse in cold water 

3 Electroplate with cadmium 03 mil 

thick 

4 Rinse in hot water 

5 Relieve hydrogen embrittlement in 

boiling water hr. 

The shatter type of fracture on this 
spring is typical of that caused by hy- 
drogen embrittlement. The corrective 
action should have been to bake the 
spring at a higher temperature and for 
a longer time. 

Another example of a plating re- 
quirement on a steel spring is a contact 
bridge that must be able to resist wear, 
corrosion and the effects of electrical 
current. After being cleaned by me- 
chanical means (‘acids must not be 
used), a composite plate consisting of 
0.25 mil Cd and 0.25 mil Sn should be 
applied, if the design is such that the 
rubbing parts of the contacts can 
be masked readily. If not, the whole 
assembly should be cleaned mechani- 
cally, plated and the cadmium-tin 
finish then ground off the surfaces of 
the silver contacts. After plating, the 
assembly should be held 1 hr at 330 
to 340 F to remove the hydrogen, pro- 
vided this temperature will not change 
the properties of the spring 

Electrodeposits of cadmium 0.5 to 0.75 
mil thick are used in the aircraft in- 
dustry on engines, propellers, airframe 
and landing gear parts with satisfac- 
tory service life. The plate can be ap- 
plied readily, even to complicated parts, 
because of the good distribution char- 
acteristics of the process. 


Zine 


Zinc, like cadmium, is anodic to steel 
and many nonferrous alloys and there- 
fore offers more complete protection 
when applied in thin films than similar 
thicknesses of nickel and other cathodic 
coatings 

Because it is relatively cheap and 
readily applied in barrel, tank or con- 
tinuous plating facilities, zinc is often 
preferred for coating ferrous parts 
(Table IV) when protection from at- 
mospheric and indoor corrosion is the 
primary objective Normal electro- 
plated zinc without subsequent treat- 
ment becomes dull gray in appearance 
after exposure to air. Bright zinc and 
a supplementary coat of either a 
bleached chromate conversion coating 
or a clear lacquer, or both, is sometimes 
used as a decorative finish less durable 
than nickel-chromium but suitable for 
indoor service. Plating of zinc on gray 
iron and malleable iron presents serious 
operational difficulties. Cadmium is 
usually preferred. 


Electroplated zinc is only slightly 
harder (less than Vickers 100) than 
lead and tin; hence it will not resist 
severe abrasion or provide a good wear- 
ing surface. It is generally unsatisfac- 
tory for bearing surfaces 

The noncorrosive fluxes required in 
communications equipment are not 
suitable for soldering to zinc surfaces 
For radio and other electronic chassis 
to which ground connections must be 
soldered, cadmium or an alloy of tin- 
zine is preferred for coating. A second 
restriction of zinc plate for certain 
electronic or other communications 
equipment is a tendency to grow 
“whiskers” in service. These metal fila- 
ments are most troublesome at low 
voltage ‘below 10 v) in equipment that 
is not exposed to direct air currents 
Cadmium and tin are also susceptible 
to whisker growth 

In the presence of moisture zinc be- 
comes a sacrificial protecting agent 
when in contact with metals below it 
in the galvanic series (Table II). At- 
tack is most severe when the electro- 
lyte is highly conducting (as in marine 
atmospheres) and when the area ratio 
of zinc to the second metal is small 
Unprotected zinc-plated screws are not 
used to fasten bare parts if the service 
is to include marine exposures. Since 
zine is anodic to steel, pores in thin 
coatings do not affect the basis steel 

The life of a zinc coating in the at- 
mosphere is nearly proportional to the 
coating thickness. Its rate of corrosion 
is highest in industrial areas, lowest 
in rural locations and intermediate in 
marine environments. The corrosion is 
greatly increased by frequent dew and 
fog, particularly if the exposure is such 
that evaporation is slow 

Table VI gives estimated life of zinc 
coatings on steel in different outdoor 
atmospheres. These data cannot be ap- 
plied literally to every environment but 
they can be used as a general guide 

Because corrosion is rapid in indus- 
trial or marine locations, parts that 
must endure for many years are usu- 
ally protected by supplementary coat- 
ings. For example, steel with 0.2 mil of 
electroplated zinc is often painted to 
obtain a coating system for general 
outdoor service. A phosphate or chro- 
mate pretreatment of the surface in- 
sures suitable adherence of the paint to 
the zinc 

In normal uncontaminated indoor 
atmospheres, zinc corrodes very little. 
A 0.2-mil coating has been known to 
protect steel framework on indoor cab- 
inets for more than 20 yr. Atmospheric 
contaminants will accelerate corrosion 
of zine if condensation occurs on cooler 
parts of structural members inside 
buildings; 0.55 mil of Zn may .be dissi- 
pated in 10 yr or less. Zinc plated steel 
in such locations is usually given a pro- 
tective coating of paint 

Chromate conversion coatings are 
frequently applied to zinc plated parts 
for indoor use, to retard corrosion from 


Table VI. Average Service of Unprotected Zine Coatings on Steel in 
Outdoor Atmospheres 


Coating 
Thickness, 
mils 


6.2 

BD 


2.0 


Service, years 


Temperate Industrial Highly 
Rural Marine Marine Industrial 
3 1 1 05 
7 3 2 1 
14 7 4 3 
20 10 7 4 
30 13 9 6 


| 

if 


intermittent condensation such as may 
occur in unheated warehouses. Colored 
and clear chromate films minimize 
staining from fingerprints and provide 
a more permanent surface appearance 
than bare zinc 

Zine plated steel is not commonly 
used for equipment that is continually 
immersed in aqueous solutions, and 
must not be used in contact with foods 
and beverages because of dangerous 
physiological effects 

Zinc may be used in contact with 
gases such as carbon dioxide and sulfur 
dioxide at normal temperatures if mois- 
ture is absent. For applications involv- 
ing close-fitting moving parts, cadmium 
is preferred to zinc because the bulky 
white corrosion products of zinc may 
interfere with the motion of the parts 

Zinc gives satisfactory service on 
electroplated parts subjected to mild 
abrasion or erosion. It spreads under 
impact and, even though it is ruptured 
or driven into gouged or nicked areas, 


it continues to protect the exposed 
area by galvanic action 
Typical Applications. Electrodepos- 


ited zinc is used extensively to protect 


steel aircraft propeller blades, which 
are subjected to all extremes of out- 
door exposure, as well as to damage 
from severe abrasion by sand and 


gravel on airport runways, and erosion 
by rain and hail. Also, this is an appli- 
cation in which the coating must not 
affect the fatigue properties of the steel 
adversely; zinc is one of the few coat- 
ings that meet this requirement. If the 
blades are to be painted or lacquered, 
the zinc coating is phosphated or chro- 
mated to provide a good base for paint. 

Zine is suitable for this application 
because it meets all requirements, par- 
ticularly the sacrificial protective qual- 
ity that helps to prevent corrosion 
even after severe abrasion. Conversion 
treatments of the chromate or phos- 
phate type increase resistance to cor- 
rosion in addition to providing a good 
base for paint or enamel 

If zinc is applied to parts that have 
been heat treated to high hardness or 
that have been cold worked, the plated 
part should be held at 375 F for 1 to 
3 hr to avoid hydrogen embrittlement 

Zinc without subsequent treatment 
forms a white corrosion product that 
detracts from the appearance of the 
part. Although the corrosion products 
do not necessarily indicate corrosion 
damage to the basis metal, they usually 
appear as a forerunner to complete 
penetration of the zinc and corrosion 
of the basis metal. The zinc plating is 
usually 0.1 to 1.5 mil thick 

A satisfactory coating for parts such 
as those on the inside of an office ma- 
chine must afford protection in storage, 
assembly, and service (enclosed within 
a cabinet and not handled). The cost 
is important also. Gears, cams and 
other parts of the working mechanism 
can be plated with 0.15 to 0.25 mil Zn 
to meet these requirements. The cost 
for cadmium plating would be some- 
what higher than for zinc 

Steel fasteners, such as screws, nuts, 
bolts and washers, are often electro- 
plated for corrosion resistance and ap- 
pearance. If protection against corro- 
sion is the sole objective, zinc is the 
most economical coating metal. Coat- 
ings of 02 to 03 mil give protection 
for 20 yr or more for indoor applica- 
tions in the absence of frequent con- 
densation of moisture. Chromate coat- 


ings are used often to retard corrosion 


from condensates, to provide a more 
permanent surface appearance and to 
prevent finger marks. For indoor use in 
industrial areas and in locations where 


condensation is prevalent, as in un- 
heated buildings, corrosion may be 
rapid, and the zinc surface should be 


phosphated and then painted so as to 
extend its service beyond the few years 
that would be obtained by the unpaint- 
ed coating 

The dimensional tolerance of most 
threaded articles, such as nuts, bolts 
screws and similar fasteners with com- 
plementary threads, normally does not 
permit the application of coating thick- 
ness much greater than 0.15 mil. The 
limitation of coating thickness on 
threaded fasteners imposed by dimen- 
sional tolerances (including class or fit) 
should be considered wherever practi- 
cable, to prevent the application of 
greater coating thicknesses than are 
generally permissible. If heavier coat- 
ings are required for satisfactory corro- 
sion resistance, allowance must be made 
in the manufacture of the threaded fas- 
teners for the tolerance necessary for 
plate build-up. If this is not practicable, 
phosphating before assembly and paint- 
ing after assembly will increase service 
life. Approximate durability of 02 mil 
untreated coatings is given in Table VI. 

A coating for steel fasteners harder 
than Rockwell C 34 requires a plating 
bath that will deposit a sacrificial 
metal of low coefficient of friction, for 
ease of assembly, and with minimum 
danger of hydrogen embrittlement. 
Cadmium has a considerably lower co- 
efficient of friction than zinc, and cad- 
mium plated from alkaline or acid 
baths, or lead plating, is generally the 
best selection. Alkaline zinc plating 
can be used, but the hazard of em- 
brittlement of the steel is greater 

Steel hardware for communications 
equipment such as relays must with- 
stand indoor environments (no mois- 
ture condensation) for more than 20 
yr. This requirement is met with 02 
mil of electroplated zinc, which is then 
chromated to increase corrosion resist- 
ance and permanence of surface ap- 
pearance in storage and use. Other 
items finished in this manner for gen- 
eral use in communications equipment 
are steel brackets, lugs, fasteners and 
covers. (Finishes for relay armatures 
and cores are described in the section 
devoted to nickel-chromium coatings, 
page 103.) 

A variation in the usual service con- 
dition can cause premature failure of a 
properly coated item. An example of 
this is the rusting of steel brackets in 
individually housed communications 
units each containing a silica gel desic- 


cant to insure a dry environment at the 
operating temperature of 150 F. When 
incompletely dried desiccant was in- 
advertently used, moisture was driven 
off during operation of the unit and 
condensed on the cooler parts of the 
equipment. The steel brackets, pro- 


tected with 0.2 mil Zn and a chromate 
coating, corroded within a year 


Copper-Nickel-Chromium 


Composite coatings of copper-nickel- 
chromium nickel-copper -nickel-chro- 
mium and nickel-chromium have been 
used extensively for protective and 
decorative purposes for many years 
Since a decorative coating must remain 
attractive, it cannot provide sacrificial 
protection as cadmium and zinc do; 


therefore all metals anodic to the basis 
metal are precluded as coatings. The 
chief function of such coatings is to 
seal the basis metal hermetically with 
a combination of coatings, of which the 
final one is not attacked by the service 
environment, Absence of porosity in 
the underlying protective coating is of 
prime importance 

To remain decorative and 
coating must be smooth and 
Luster is also a necessary 
decorative finish, so the electrode- 
posited coatings must be brightened 
either by mechanical or electrochemi- 
cal means, or through the use of plat- 
ing processes that include commercial 
brightening agents 

In this type of composite, the copper 
adjacent to the basis metal may vary 
from 0.1 mil to more than 50% of the 
composite thickness, and provides some 
protection. The copper may be buffed 
to obtain a smooth and bright deposit 


bright, a 
reflective 
part of a 


The subsequent nickel coating can be 
deposited bright or may be buffed to 
obtain a smooth, bright finish. The 
nickel provides a corrosion-resistant 
barrier and a base for the chromium 
deposit. The final chromium coating 


is usually bright; its protective function 
is to impart resistance to tarnishing 
and abrasion. The coating is plated in 
a thickness of 0.01 mil 

Applications, In the selection of cop- 
per-nickel-chromium for applications 
cash 


such as business machines and 
registers, the factors considered are 
decorative value, protection from tar- 


nishing during indoor service in offices 
and stores, and wear resistance 


External parts for accounting ma- 


chines are plated with 0.1 mil Cu, 03 
to 0.5 mil Ni, and 0.01 to 0.02 mil Cr 
After exposure for 24 hr in the salt 
spray, or 1000 hr in the humidity cab- 
inet (100 PF, 100% relative humidity) 
this finish should show no corrosion 
After exposure to salt spray for 48 
hr, only 2 or 3 rust spots per sq ft 
will develop. This coating will with- 
stand handling and wiping for 10 yr 
of indoor service 

Household and office fixtures that 
are frequently handled or used will 


give satisfactory service when plated to 
thicknesses mentioned earlier 
Automotive Bumpers. Nickel-chro- 
mium or copper-nickel-chromium com- 
binations are the only plating metals 
satisfactory for protecting automotive 
bumpers against corrosion. The coating 
must withstand severe corrosion by 
salt on the highway, abrasion from 
sand, gravel and stone and contact 
with other bumpers and objects. Since 
considerably more salt is being used 
on the highways during winter months 
the problem of protecting bumpers 
from corrosion is increasingly difficult 
Sudden loads such as caused by rela- 
tively minor impacts on the bumper will 
add stress to the electroplated deposits 
Therefore the deposits must be ductile 
enough to withstand these stresses 
without cracking or flaking 
Electrodeposited composite coatings 
for automotive bumpers must be made 


on suitably prepared basis metal that 
is free from laps, seams, pits, rolled-in 
scale and other surface imperfections 
The steel must be suitable for polishing 
without uncovering subsurface defects, 
but must not require excessive polish- 
ing to produce a surface satisfactory 
for plating. Corrosion resistance of 


the electroplate 
the surface of the 


greatly influenced by 
basis metal 
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The ASTM specifications for nickel- 
chromium coating thicknesses are sum- 
marized in Table V. The thicknesses 
generally used on automotive bumpers 
are given in Table ITI. 


Cu-Ni-Cr Coatings for Zine 
Die Casting» 


Porosity is one of the most important 
factors affecting the corrosion resist- 
ance of zinc plated with the composite 
(copper-nickel-chromium) coating 
Deposits of at least 1 mil total thick- 
ness are required to eliminate porosity 
in the coatings. 

Total plating thickness of 1.2 mils 
(including at least 0.6 mil Ni) is re- 
quired to withstand one year of at- 
mospheric exposure in Detroit with 
less than four blisters per sq in.; and 
a total plate thickness of 2 mils (in- 
cluding 1.5 mils Ni), to withstand one 
year of exposure with less than one 
blister per sq in. 

Corrosion resistance of the coatings 
is closely related to the type and con- 
dition of the plating bath. The per- 
formance of the plated die casting is 
affected more by variables in processing 
the die castings and in the plating pro- 
cedures than by the compositions of the 
various bright nickel baths used for 
plating of these parts. However, im- 
purities in nickel plating baths adverse- 
ly affect appearance, ductility and cor- 
rosion resistance. Since both appear- 
ance and ductility can be appraised 
readily, the presence of impurities can 
be detected before a coating of inferior 
corrosion resistance is applied to many 
parts. 

The minimum satisfactory thickness 
of copper plate is 02 mil; corrosion 
resistance improves as nickel thickness 


x 


increases to 0.8 mil, but above this the 
increase in corrosion resistance is not 
proportional to the increase in thick- 
ness of nickel. Figure 4 shows the 
change in rating on zinc-base die-cast 
panels plated with copper-nickel-chro- 
mium, after 1 yr exposure about 200 
ft from the ocean at Miami, Fla. The 
slight difference in rating of the panels 
plated with 0.5 mil Cu plus 0.5 mil Ni- 
Cr and those plated with 03 mil Cu 
0.5 mil Ni-Cr is not significant, being 
within the limits of experimental error 
The data in Pig. 5, from panels ex- 
posed at Pittsburgh, show that thicker 
nickel deposits give better corrosion 
protection and that a difference in 03 
and 0.5-mil Cu undercoat for 0.5-mil 
Ni-Cr did not contribute to the corro- 
sion resistance of the composite coating 
of Cu-Ni-Cr 

Figure 6 reports the data obtained on 
panels exposed in Detroit during the 
same period. The panels with nickel 
coatings of 08 mil or more withstood 
the February environment with only 
slight effect on the coating. 

The ratings of various thicknesses 
of copper, nickel and chromium, after 
testing in Detroit, are given in Fig 
7. The results of exposure during the 
winter months show the superiority of 
total coatings of 1.25 mil, compared 
with those of 06 and 08 mil. Figure 
8 gives a comparison of the corrosive- 
ness of test environments at Cleveland, 
Miami, New York and Detroit, as 
shown by the performance of panels 
with 0.8-mil total coating. Results from 
the same test locations are compared 
for coatings of 0.6 and 1.5 mil in Pig 
9. The rating of the panels exposed at 
Miami was the same after one year 
for all the plate thicknesses tested and 
illustrates that an atmosphere contain- 
ing salt alone does not cause the failure 
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1950 


of these coatings on zinc die castings 

The variations in pH of precipitation 
falling on the Detroit location used for 
exposure of the plated panels are 
shown in Fig. 10. Each point on the 
chart represents the pH of liquid col- 
lected for one to four weeks. The peri- 
od for collection of each sample de- 
pended on the time necessary to 
obtain approximately one liter of 
solution in the collecting device. Strong 
acidity (about pH 4) of the rain and 
snow is not uncommon. 

It was also found that, after the 
coatings had been perforated by the 
corrosive atmospheric constituents, the 
rate of deterioration was accelerated 
by de-icing salt solutions from high- 
ways. In Detroit, salt is used from No- 
vember 1 to March 31. Road slush has 
been collected and analyzed on days 
when de-icing salt is spread, and salt 
content has been a little more than 
5%, which is a strong corrosive on a 


Fig. 6 


Detroit 


Om 

Om 
mil 
O05 mil 


O5 mi 


June 
Fig 


Exposed 52 Weeks 


Miam 
« Cleveland 
New York 
Detroit 
O05 10 15 
Thickness of Electrodeposit, mils 


Fig. 4 to 9. Corrosion Ratings for Copper-Nickel-Chromium Deposits on Zinc-Base Die Castings in Exposure 
Tests at Miami, Pittsburgh, Detroit, Cleveland and New York City 


METAL PROGRESS; PAGE 102 


2 ar - —+ 
Detroit 
= | \ 
7 
| 
7 
953 1954 
x | O2 mil Cu Ni 
+ ) 5 mil Cu Nr 
| @ O3 mil Cut 
Dec — Sept Dec Dec Sept Dec 
9 
0 | ~ 
| 


zine die casting if the plated coating 
is perforated 

These data indicate that a 1.2-mil 
coating (total plate thickness) will give 
the minimum expected protection to 
zinc die castings for exteriors of auto- 
mobiles operated in the Detroit area 
Of this total plate thickness, at least 
half should be nickel. 


Ni-Cu-Ni-Cr 


Nickel is sometimes deposited on the 
basis metal for corrosion resistance and 
to permit the acid type of copper plat- 
ing baths to be used. This coating is 
usually of the flash type, 0.1 mil thick 
or less. The copper provides some pro- 
tection and is sometimes buffed to 
cover imperfections in the underlying 
metal and provide smoothness and 
brightness for the final coating. The 
second nickel coating also provides 
corrosion resistance and functions as 
a base for the subsequent chromium 
deposit. This nickel deposit may be 
buffed if necessary. The final deposit, 
chromium, furnishes resistance to 
tarnish and abrasion and is usually 
bright as deposited, although buffing 
is sometimes desirable. The chromium 
coating is usually 0.01 mil thick. 


Nickel-Chromium 


This composite requires less equip- 
ment and fewer operations than either 
copper-nickel-chromium or nickel- 


copper -nickel-chromium, The nickel 
provides resistance to corrosion and 
can be produced smooth and bright 


by mechanical means or as deposited 
Deposited directly on the steel, nickel 
provides a base for the subsequent 
chromium deposit. In this composite, 
thickness of nickel is virtually equal to 
the specifications for the total plate. 

The chromium deposit is usually 
bright and can be buffed if necessary. 
It provides resistance to tarnish and 
abrasion and is ordinarily 0.01 mil thick. 

If it is determined that a bright coat- 
ing, resistant to corrosion and abrasion, 
is required (that is, a nickel-chromium 
sequence of some sort) the selection 
of nickel-chromium in preference to 
copper-nickel-chromium or nickel- 
copper-nickel-chromium is determined 
by the condition of the basis metal, the 
degree of final lustre required and 
available facilities. On steel, it is often 
more economical to copper plate and 
buff before plating with nickel and 
chromium than to purchase a better 
grade of steel. Where the basis metal 
can be buffed easily, nickel is almost in- 
variably plated directly on it 

The buffing of the copper will re- 
move some defects in the basis metal 
and provide a good surface for the 
bright nickel, which in turn will assist 
in producing a chromium deposit of 
acceptable appearance. As an alter- 
nate procedure, an imperfectly pre- 
pared basis metal may be plated with 
nickel alone, or copper plus nickel, 
which can be buffed to an acceptable 
finish if it is soft enough. If, however, 
a hard, bright nickel is deposited, it 
must be plated on steel that is highly 
finished, or on buffed copper. Buffing 
is neither economical nor suitable on 
hard nickel deposits 

The relative resistance to corrosion 
of the two systems is about equal, pro- 
vided that if a copper deposit is used 
it is deposited smoothly or, preferably, 


that it is buffed to smoothness. The 
nickel should be 0.6 mil min when 
copper is used 

A dull nickel deposit from the Watts- 
type bath has better resistance to cor- 
rosion than a semibright or a bright 
nickel deposited from an organic vari- 
ation of the Watts bath. Cost consider- 
ations favor selection of the latter for 
a large number of applications 

Typical Applications. Nickel-chromi- 
um finishes in which the chromium 
is thicker than that required for dec- 
orative purposes, provide a combination 
of protection against corrosion, re- 
sistance to wear, and freedom from 
sticking. Finishes for telephone relay 
armatures and cores (silicon iron or 
steel) frequently consist of 02 mil 
Ni (Watts type) and 0.08 mil Cr. The 
wear on the bearing surfaces of such 


parts results from a combination of 
rapid intermittent impact and low- 
amplitude (< 1 mil) sliding motion 


The latter produces an effect similar to 
that resulting from fretting wear or 
fretting corrosion. 

Standard tests for wear do not give 
a reliable prediction of performance 
but results from service have shown 
that 0.08 mil Cr will resist wear satis- 
factorily for many millions of opera- 
tions. The bright chromium has a 
Vickers hardness from 800 to 1000. The 
nickel undercoat provides protection 
against corrosion for the magnetic iron 
structures for the life of the relay 
(often longer than 30 yr indoors), and 


a base for the chromium 

On certain special-purpose relays 
the chromium layer acts as a nonmag- 
netic barrier between core and arma- 
ture. The “slow-release” type of relay 
uses 0.16 mil Cr ‘on 02 mil Ni) for 
this purpose. The nickel-chromium 


plating on moving relay parts has re- 
sulted in more reliable operation than 
coatings of zinc or cadmium or of 
nickel alone. 

Selection of a coating 
indoor furniture involves styling con- 
siderations as well as resistance to 
abrasion and to mild indoor corrosion 
Experience with white brass and zinc 
during periods of nickel shortage dem- 
onstrated the general demand for a 
coating having a reflective surface that 
would remain bright. This is best pro- 
vided by nickel-chromium or copper- 
nickel-chromium. The choice between 
the two is determined by the condition 
of the basis metal and the finishing 
facilities available. Normally the least 
complex plating schedule is most satis- 
factory —in this instance bright nickel 
and chromium. A large fabricator, 
making his own tubing and equipped 
to polish the weld, will need only to 
remove the orange peel at the bend 
before plating. A bright nickel coating 
05 mil thick is followed by 0.02 or, 
more often, 0.01 mil Cr. If production 
is not large and the quality of the 
steel is poorly controlled, a copper 
plate followed by buffing will underlie 
the bright nickel and chromium. Nor- 
mally, the least complex plating sched- 
ule (bright nickel and chromium) is 
most satisfactory 

The function of an over-the-counter 
item generally has little to do with the 
selection of a preferred coating sched- 
ule. Mild resistance to corrosion is 
usually needed and sometimes a hard 
deposit has an advantage. Price is 
not an important factor. Appearance 
or “sales appeal” is important. 


for metal 


For example, a suitable coating for 
a pair of pliers is selected on the basis 
of appearance, which should last until 
the item is sold and as long thereafter 
as possible. Bright zinc plating would 
appear to be the least costly that 
still provides the necessary protection 
against rust. Zinc coatings, however, 
darken with storage. Therefore, al- 
though pliers plated with a thin nickel- 
chromium deposit may rust earlier in 
service than those plated with zinc, 
the best guarantee for a snappy ap- 
pearance in the showcase is nickel 
and chromium. “Quality” items of this 
kind are coated with 03 mil Ni and 
enough (0.002 mil) Cr to cover, which 
provides a deposit of great appeal and 
the assurance that the initial bright- 
ness will be maintained until the item 
leaves the store 

Second choice is nickel 
nickel electrodeposits will 
somewhat and lack the attractiveness 
of chromium. Bright cadmium (0.1 to 
0.2 mil) is cheaper than nickel-chro- 
mium,. It should be used on hardened 
steel parts of complex shape because 
of less risk of hydrogen embrittlement 
and greater throwing power 

In selecting a coating for a novelty 
item, such as a steel key-chain, three 
requirements must be met: protection 
against rusting, resistance to wear 
and a bright decorative finish, A 
nickel-chromium coating meets such 
requirements readily 

The novelty item is not required to 
give long service and the corrosion is 
not severe. A coating of 0.25 mil Ni and 
0.01 mil Cr should be satisfactory. The 
nickel can be deposited bright or dull, 
but the latter would require burnishing 


alone, but 
also dull 


before chromium plating. Nickel is 
one of the coatings most resistant to 
wear, and the thin, decorative chro- 


mium coating withstands scratches and 
tarnish 

A bright zine or bright cadmium 
coating of equal thickness will give 
excellent protection to the steel. How- 
ever, an organic coating will be re- 
quired to give permanence to the 
bright finish. Neither zinc nor cad- 
mium resists wear as well as nickel 
does. Tin would neither resist wear 
nor protect the steel 

Decorative finishes on steel fasteners 
for indoor use consist of 02 mil Ni, 
sometimes with a flash of chromium 
for tarnish resistance. This coating, 
more expensive than a zinc coating of 
equivalent thickness, will give protec- 
tion against corrosion for more than 
20 yr in most indoor locations 


Substitutes for Cu-Ni-Cr 


Copper-Chromium. Substitute coat- 
ings of 05 mil Cu and 0.01 mil Cr have 
been used in plating automotive steel 
parts for interior applications, but 
some nickel (0.1 to 03 mil) is required 
under the chromium to give wood 
“color” and also to provide resistance 
to corrosion by perspiration. Horn 
rings, gear shift levers and other parts 
that are handled frequently have failed 
prematurely when finished with cop- 
per-chromium. The cost of copper- 
chromium plus clear enamel is usu- 
ally greater than the cost of copper- 
nickel-chromium 

Tin-Nickel Alloy. The alloy bath for 
this coating is difficult to control, and 
the normal appearance of copper- 
or nickel-chromium 


nickel-chromium 
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plating cannot be matched. The short- 
comings of tin-nickel alloy include 
brittleness and the need for mechani- 
cal polishing to produce the desired 
brightness. Furthermore, this deposit 
has a faint rose-pink color which, in 
automotive applications, would have 
to be masked by an overplate of 
chromium in order to satisfy buyer 
preference 

When used, these alloy coatings are 
ordinarily 0.2 mil of tin-nickel alloy 
plated over 0.2 mil Cu 

“White Brass”. The color of this alloy 
(about 80% Zn and 20% Cu), its 
brightness and ability to take an over- 
plate of chromium are its principal 
advantages. However, it is brittle and, 
on outdoor exposure, forms consider- 
able white corrosion product. An over- 
lay of chromium causes formation of 
red rust (known as pore rusting) on 
the underlying steel. Preferred thick- 
ness is 0.2 to 0.3 mil of the Zn-Cu alloy 

Other Substitutes for copper-nickel- 
chromium on parts for interior use 
include 0.2 to 0.3 mil antimony, vac- 
uum metallized aluminum (‘on plastic 
parts), buffed aluminum, anodized 
aluminum, and buffed type 430 stain- 
less steel, None is satisfactory except 
buffed stainless steel. On the basis of 
their desirability as substitutes, buffed 
type 430 stainless steel rates first, then 
anodized aluminum, buffed aluminum, 
tin-nickel alloy, white brass, antimony 
and vacuum metallized aluminum. 
However, with anodized aluminum, 
dyed anodized aluminum, or other 
colored finishes, the problem of match- 
ing color is a real one. To add to 
this problem, many colors used in pro- 
duction of these coatings are unstable 


Nickel 


Nickel plate, with or without an 
underlying copper strike, is one of the 
oldest protective-decorative and dec- 
orative electrodeposited metallic coat- 
ings for steel, brass and other basis 
metals. The first applications of nickel 
plate were for protection and beautifi- 
cation of stove and bicycle components 
Coating thickness varied widely, de- 
pending on function and service re- 
quirements 

Nickel plate tends to yellow on long 
mild exposure, and will turn green on 
severe exposure if not polished occa- 
sionally, The introduction of chromium 
plate in the late 1920's overcame the 
tarnishing problem, and led to a great 
increase in the use of nickel, as a com- 
ponent of protective-decorative coat- 
ings, in various combinations with 
copper and chromium 

The principal present uses for nickel 
plate without a subsequent chromium 
deposit are based principally on cost. 
This applies to decorative coatings 

Heavy dull nickel deposits (3 to 10 
mils) are being used increasingly for 
industrial and engineering purposes. 

If a “wrought iron” finish is de- 
sired on household furniture such as 
a floor lamp, nickel will protect the 
basis metal, and its color in a dull 
brushed finish is similar to clean iron 
The dark oxidized appearance of por- 
tions of a wrought iron object can be 
simulated by depositing a thin “black 
nickel” coating over the nickel. The 
highlights are then relieved by brush- 
ing with pumice to expose the ironlike 
nickel undercoat. A final clear organic 
coating gives permanence to the finish 
and affords additional protection. 


METAL PROGRESS; PAGE 104 


The thickness of the nickel may be 
0.2 to 03 mil, and the black nickel 
coating should be only thick enough 
to give the desired dark color. Black 
nickel cannot be plated thicker than 
0.1 mil; a cheaper way to get a black 
finish is to give the metal a blackening 
treatment with neat. 

Nickel can be electrodeposited so 
that the range of stress in the coating 
is from 40,000 psi in tension to 10,000 
psi in compression. For resistance to 
fatigue, a nickel plate of 5,000 to 
10,000 psi in compression is preferable 
to one in tension. 


Copper 


Copper plate is used for protection 
against corrosion in very mild atmos- 
pheres, although its tendency to tar- 
nish makes it less desirable than other 
types of plating where prevention of 
corrosion is the main factor. Electro- 
plates of copper as thick as 0.5 mil are 
used for parts exposed only to in- 
door storage. 

A copper flash plate is used occa- 
sionally to identify similar parts that 
might be mixed if unplated. If two 
parts of the same size are made of 
different steels or are heat treated 
differently, one piece might be copper 
plated for identification only 

Typical Applications. Copper plating 
is used extensively for decorative pur- 
poses. On lamp bases or other furni- 
ture, the finishing schedule is to plate 
one mil Cu, buff to a high luster, 
and then apply a clear lacquer to 
prevent tarnishing of the copper. This 
sequence has the disadvantage of re- 
quiring a repolish and relacquer if 
the lacquer wears off or is removed 

A decorative copper coating is used 
on some hardware for caskets and 
furniture that is to simulate bronze 
The parts are plated with 0.5 mil Cu, 
treated with sulfide to blacken the 
surface, and then brushed to create 
a rich antique bronze effect. To retain 
this finish for a storage life of at least 
5 yr, the plated and brushed surface 
must be lacquered. 


Brass 


Electrodeposited brass is sometimes 
selected as a coating for hardware and 
ornaments because of its color 

Typical Applications. Ordinarily a 
brass coating on an item such as a 
steel or cast iron doorknob will be no 
thicker than 0.1 to 0.15 mil. The color 
of the plating must match other yellow 
brass hardware components. Its wear 
resistance, permanence of finish and 
protective value depend on the quality 
of a clear organic coating applied after 
buffing the brass deposit. For this 
reason there is little to be gained by 
increasing the thickness of the brass, 
and to do so would increase its cost 
needlessly 

Other items that might be plated 
similarly include luggage hardware, 
belt and suspender buckles, cabinet 
hardware, lamp stands and bases, and 
novelties. The brass plating on these 
items is primarily for color or appear- 
ance and is applied to ferrous metal 
articles as a substitute for more ex- 
pensive cast or wrought brass 

Brass plated hardware is not usually 
specified for outdoor service. There are 
no standard specifications for brass 
plating on ferrous metals. 


SPECIAL-PURPOSE 
ELECTROPLATES 


The deposits for special applications 
include brass for rubber adherence, 
silver-lead-indium deposits for bear- 
ings, silver for electrical conductivity, 
zinc-tin and lead-tin alloys for solder- 
ing, copper and copper-tin alloys for 
stop-off during carburizing and nitrid- 
ing, hard chromium for abrasion re- 
sistance, and silver, lead or tin for re- 
sistance to galling. The requirements of 
these applications differ greatly. 


Bonding of Rubber 


The determining factor in the selec- 
tion of brass plating for rubber ad- 
herence is the fact that of the metals 
(brass, copper, cobalt, Monel and steel) 
to which rubber can be bonded with 
cements, brass gives the strongest bond. 
The strength of this bond depends on 
the composition of the brass in relation 
to that of the rubber. This special 
strength is attributed to a chemical 
bond created by a sulfide interlayer be- 
tween the two surfaces. The composi- 
tion of electrodeposited brass can be 
varied readily as required 

The strength of the bond is usually 
determined by a tear test (peeling the 
rubber from the metal surface) or a 
vertical pull of the rubber in tension 
Failure should cccur in the rubber, not 
in the relatively thin (0.02 to 0.05 mil) 
brass coating. For special applications 
where maximum bond strength is 
needed, 0.2 to 0.5-mil plate is used. 

The brass alloy composition for a 
given rubber stock must be held within 
close limits for satisfactory adhesion 
A copper content of 70 or 75% is usual 
although by proper compounding of 
the rubber stock, alloys containing 
from 60 to 80% Cu have been used 
successfully. Arsenic, lead and nickel in 
the brass decrease the strength of the 
bond. Baths must be free from both 
metallic and organic impurities 


Electrical Connections 


Cadmium coating of 0.2 mil is used 
occasionally as a solderable finish 
Actually it is less solderable than some 
of the composite coatings (for example, 
copper-tin) but is sometimes preferred 
because it is applied in a single opera- 
tion; composite coatings require two 

Cadmium-Tin. For steel parts of 
electrical control devices that will be 
exposed to severe corrosive conditions 
around pickling tanks in steel mills, a 
satisfactory electrodeposited coating 
consists of 0.25 mil Cd plus 0.25 mil 
Sn. This composite coating is suitable 
for parts that are subject to sliding 
friction or that are to be soldered after 
assembly. For highly corrosive service 
conditions, parts that require soldering 
must be lacquered after assembly. If the 
parts are stationary and do not require 
soldering after assembly, clear lacquer 
can be applied before assembly 

Copper plating provides surfaces that 
will braze or solder readily. Some radio 
and television chassis are copper-plated 
(0.1 to 0.3 mil) and then coated with 
an organic finish to protect the copper 
from tarnish 

Copper-Tin. A coating of 02 mil Sn 
on brass terminals and lugs is preferred 
for rapid soldering of connections. A 
copper undercoat of 0.2 mil is needed 
to prevent loss of solderability, which 


otherwise occurs in a few weeks to the 
extent that quality connections cannot 
be made with rosin flux 

Lead-Tin electroplated coatings also 
provide solderable surfaces on brass, 
but they do not have the solderability 
of copper-tin when a nonactive (rosin- 
alcohol) flux is used. The coatings vary 
in thickness from 0.1 to 1 mil, depend- 
ing on requirements 

Electrodeposits of lead-tin alloys 
plated directly on steel are commonly 
used as an aid in soldering electronic 
equipment, and specifically as a pre- 
ferred alternate for coatings of tin 
without copper or nickel undercoats. 
Alloys containing 20 to 25% Sn have 
been used successfully, but a composi- 
tion with 40% Sn has the best oxida- 
tion resistance, flow and soldering 
characteristics, and heat of fusion 

Silver plate is used extensively for 
stationary and moving electrical con- 
tacts because of its excellent electrical 
conductivity. It has a lower contact 
resistance than most metals, an un- 
stable oxide, and a sulfide that has 
low contact resistance and is easily 
broken through by the current. Table 
VII compares the contact resistance of 
bare copper with that of copper plated 
with silver and tin 

Tin. Electrodeposited tin is used in 
thicknesses of 0.2 to 0.5 mil to facilitate 
soldering of electronic and electrical 
components. Because of its good lubri- 
cation qualities and low electrical con- 
tact resistance, tin is used frequently 
for coating electronic tube bases and 
other plug-in components. Plate thick- 
nesses vary from 0.1 to 1 mil, depending 
on the protection required against cor- 
rosion and wear. Brightening of tin by 
flowing with heat is done best with a 
thickness of 0.25 mil max that has been 
plated on nickel or copper strike coat- 
ings. During storage, however, tin ac- 
quires an oxide film that prevents ready 
soldering unless corrosive fluxes are 
employed. 


Hard Chromium 


Because of its hardness, low coeffi- 
cient of friction and excellent release 
characteristics, hard chromium plate is 
generally used for plating molds in 
thicknesses of 0.1 to 3 mils, depending 
on the tolerance requirements and the 
abrasiveness of the molding stock. To 
facilitate mold release, the molding 
surfaces should be given a high polish 
(<2 micro-in. finish) before and after 
chromium plating. Unless corrosion- 
resistant tool steels are used ‘high 
nickel), a 0.5-mil min plating of hard 
chromium is preferred for reasonable 
resistance to corrosion 


Typical Applications. For the high 


pressures encountered in molding 
phenolic parts of complex shape, a 
mold of hardened tool steel (Rockwell 


C 59 to 61) is a prerequisite to chro- 
mium plating for satisfactory mold life. 
For the handling of abrasive molding 
compositions containing fiber glass, a 
plating of at least 2 mils and prefer- 
ably 5 mils is required to give a rea- 
sonable mold life before stripping and 
replating are required. There is no sub- 
stitute finish for hard chromium plate. 

The increase obtained in the dura- 
bility of the cutting edges of tools by 
plating them with chromium is illus- 


trated by the following examples: (1) 
a spiral drill (high speed tool steel), 
used on ™% hard brass with 100-sec 


paraffin oil, served for 524 operations 


Table VII. Contact Resistance of Copper Electroplated with Silver and Tin 
Contact Resistance, microhm 
Initial After Joints After Passing Ratio of 
Clean Passing Separated 500 amp for Final to 
Plate Square 500 amp for and Aged Additional Initial 
Bars‘* 300 hr 300 hr at 185 F 2000 hr Resistance 
0.38 0.48 0.89 0.22 0.58 
2.74 3.00 3.90 346 1.46 
Bare Copper‘«’ 644 544 387 877 138 


(a) Bars '4 by 2 by 4 in. (b) 0.5 mil thick. (c) Plated with 0.5 mil Cu 


before chromium plating and for 2933 
operations after chromium plating; (2) 
a chromium coating between 0.05 and 
0.1 mil thick on a high speed form- 
cutter for a circle mill increased tool 
life 500% 

To prevent hydrogen embrittlement, 
tools should be given a stress relief 
treatment before hard chromium plat- 
ing and should be baked after plating 
Specific time and temperature vary 
with the alloy and application. 


Coatings for Bearing Surfaces 


A satisfactory coating for bearings 
must resist fatigue, corrosion, scoring 
and embeddability, usually that 
order of importance. For service in- 
volving high speeds and high unit 
loads, the silver bearing (silver-lead- 
indium) will last thirty times as long 
as a babbitt bearing, and ten times as 
long as a copper-lead bearing. It costs 
approximately twice as much as a cop- 
per-lead bearing, but this is justified 
by the increased life. Thickness varies 
from 20 to 60 mils 

The adherence of the silver to the 
steel backing should be stronger than 
25,000 psi, which is the tensile strength 
of the annealed electrodeposited silver. 
Silver plated directly on steel has a 
bond strength of about 20,000 psi, as 
determined in a miniature adaptation 
of the Ollard test. The bond strength 
after annealing is more than 35,000 psi 
for silver on a nickel strike. A copper 
strike gives lower bond strength than 
a nickel undercoat 

Typical Applications. A thickness of 
0.5 to 1.5 mil of electroplated silver on 
steel prevents seizure and galling of 
surfaces in contact with other steel, 
bronze, beryllium-copper or aluminum 
alloy parts under heavy load condi- 
tions. The silver is easily plated from 
a cyanide bath, if care is taken to 
strike properly the metal to be plated, 
so as to insure the desired adherence 
Hardness of the silver can be controlled 
through the use of high or low current 
densities during plating. The softer 
deposits obtained by using low current 
densities are generally preferred for 
these applications 

Silver plating has been used advan- 
tageously on large roller and ball bear- 


ings on the outside diameter of the 
outer race, the inside diameter of the 
inner race, and on threaded parts that 


support thrust loads. Silver plating is 
better than copper in minimizing stress 
concentration caused by surface Iir- 
regularities in mated parts that operate 
under high stresses 

Copper plating in thicknesses of 0.1 
to 0.3 mil is used sometimes as an anti- 
galling agent for initial break-in on 
highly loaded gears. However, the man- 
ganese phosphate treatment is now 
more commonly used, because it is 
cheaper and produces surfaces that 
have better oil retention, which is de- 


sirable for break-in of gears 


Rebuilding Worn and Undersize 
Parts 


The principal use of iron plating is 
for replacing metal on parts that have 
been worn or machined undersize. For 
this purpose its advantage over nickel 
and chromium plating is that the de- 
posit is softer, more ductile, easier to 
machine and can be hardened by car- 
burizing. The plating process for iron 
is more difficult to control than plating 
processes for nickel and chromium. De- 
pending on bath composition and oper- 
ating conditions, iron can be deposited 
with hardness ranging from Brinell 127 
to 350 and tensile strength from 47,500 
to 110,000 psi 


Stop-Off Coating 
Electroplated copper is used as a 


stop-off in carburizing and nitriding 
operations and as a protection for steel 


parts during heat treatment. Bronze 
plating is also used for stop-ofl in 
nitriding 

Typical Applications. One of the 
most common uses of copper plate by 
itself is in stopping off or protecting 
selected areas during carburizing and 
nitriding. A dense copper plating 03 


mil thick will protect steel at carburiz- 
ing temperature up to 1750 F for 5 hr, 
but it is safer to use 05 mil Cu. Steel 
can be protected for at least 8 hr at 
carburizing temperature with 0.5 mil 


min of copper plate. However, if the 
finish of the parts is not smooth and 
free from machining slivers or frag- 


mented edges, no practicable thickness 
of copper will give adequate protection 

In specifying a coating thickness, it 
must be remembered that areas 
may receive low current density during 
plating; therefore the thickness should 
be specified for these areas so that ade- 
quate protection will be provided. Dur- 
ing carburizing or nitriding, precau- 
tions must be taken to prevent exposure 
of the parts to oxidizing atmosphere: 
at elevated temperature 

A dense plate 0.5 mil thick will give 
protection for 72 hr against nitriding 
atmospheres operating to 1050 F, al- 
though 0.7 mil is preferable for cycles 
approaching this limit. Copper plate 
has proved more desirable than tin 
which becomes alloyed with the steel, 
because copper is more readily stripped 
after nitriding. Bronze plating is some- 
times used 

For the protection of parts during 
hardening, copper brazing, and re- 
hardening operations, a copper plate of 
0.1 to 0.3 mil protects against decarburi- 
zation or further carburization 

Copper plating is sometimes used to 
protect parts from an oxidizing atmos- 
phere in tempering furnaces, at tem- 
peratures not over 1200 F. A thickness 
of 1 mil will protect steel for 1 hr in 
an oxidizing atmosphere at 1200 PF; 
most of the copper will be oxidized in 
that period 


some 
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THIS ARTICLE deals with the se- 
lection and control of equipment and 
metal for commercial hardening and 
tempering by induction heating. Re- 
sults of some typical production appli- 
cations are presented. 


Commercial Equipment 


Induction hardening is generally 
done at frequencies of 1000 cycles per 
sec or higher. The types of high-fre- 
quency equipment commercially avail- 
able and pertinent data concerning 
each type are shown in Table I 

Motor-generator units consist of a 
high-frequency generator driven by a 
motor. Induction motors, which may 
be mounted integrally with the gener- 
ator or separately on a common base, 
are used with 10,000-cycle* generators. 
The integrally mounted units can be 
either vertical or horizontal. 

The motors for generators of 1000 to 
3000-cycle frequencies may be of either 
the induction or synchronous type. 
Units using a synchronous motor are 
mounted horizontally and separately 
from the generator. The data in Table 
I cover ratings when units are used 
with a 60-cycle power supply. Many 
motor-generator units may be used 
with 50-cycle sources with proportion- 
ate decreases in generator frequency 
and slight changes in ratings 

Spark-gap units consist of an elec- 
trical circuit that alternately charges 
and discharges a capacitor by means of 
a spark-gap arrangement. The 25, 50 
or 60-cycle supply voltage is increased 
to several thousand volts by an input 
transformer. The secondary or high- 
voltage terminals of the transformer 
are connected to a capacitor through 
choke coils constructed to allow pas- 
sage of low-frequency current but to 
restrict the flow of high-frequency 
current set up by the discharge of the 
capacitor. The spark-gap arrangement 
acts as a valve that permits the capaci- 
tor to discharge periodically. The work 
coil or inductor is connected in series 
with the spark gaps to complete a cir- 
cuit for the discharge of the capacitor 
The frequency, fixed by the inductance 
and capacitance values in the discharge 
circuit, is in the range of 20,000 to 
600,000 cycles 
per second” has been short- 
throughout the text of 


ened to “cycles” 
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Electronic tube units consist of a 


power supply section and an oscillator 
section. The power section provides the 
high voltage for the oscillator tube 
after rectification to a pulsating direct 
current, usually by mercury-vapor 
tubes. The oscillator tube and a tank 
circuit consisting of a matched induc- 
tor coil and capacitor comprise the 
oscillator section. The oscillator tube 
controls the amount of electrical energy 
delivered to the tank circuit from 
which it is removed by the coupled 
load. A small and proportionate amount 
of the power in the tank circuit is fed 
back into the grid of the oscillator tube 


Supersedes the information on 

induction hardening and temper- 

ing on pages 280 to 282 of the 
1948 ASM Metals Handbook 


to control the current that is delivered 
to the tube, and it in turn controls the 
amount of electrical energy entering 
the tank circuit. The frequency de- 
veloped in the converter is determined 
by the inductance of the tank coil and 
the capacitor, which form a parallel 
tuned circuit. A load-matching network 
electrically coupled to the tank circuit 
is used to transmit tank circuit energy 
to the work 


Power and Frequency 


electrical conductor can be 
electromagnetic induction 
As alternating current from the con- 
verter flows through the inductor or 
work coil, a highly concentrated, 
rapidly alternating magnetic field is 
established within the coil The 
strength of this field depends primarily 
on the magnitude of the current flow- 
ing in the coil. The magnetic fleld thus 
established induces an electric potential 
in the part to be heated, and since 
the part represents a closed circuit, 
the induced voltage causes the flow of 
current. The resistance of the part to 
the flow of the induced current causes 
heating by I’R losses. This is similar 
to what occurs in a simple transformer; 
the work coil represents the primary 
and the part the secondary 

The heating depends on the magnetic 
and electrical characteristics of the 
work, and on the frequency of the 
alternating current as well as the mag- 
nitude of the current flowing in the 
work coil. For practical purposes most 
ferrous metals considered in induction 
hardening and tempering applications 
have values of electrical resistivity and 
magnetic permeability so similar that 
little consideration need be given these 
factors in the choice of equipment of 
proper power and frequency for induc- 
tion heating 

The distribution of induced current 
in a part is maximum on the surface 
and rapidly decreases within the part; 
the effective penetration of current in- 
creases with a decrease in the fre- 
quency. The distribution of induced 
current is influenced also by the mag- 


Any 
heated by 


netic and electrical characteristics of 
the part heated; and since these 
properties change with temperature, 


the current distribution will change as 
the work is heated 
Because the heating proceeds to the 
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Table 1. Types and Characteristics of Induction Heating Equipment of the Three 
Principal Types 


Generator Ratings 
Frequency, 
cycle - Motor Ratings (60-cycle, 3-phase) . 
Kw per sec Voltage Hp Type Voltage Construction Cooling‘"’ 


Motor-Generator Equipment 


75 10,000 Cae 15 Induction 220/440 Vert/Horiz F/W 
15 10,000 220 25 Induction 220/440 Vert/Horiz F/W 
) 4,200 400 50 Induction 220/440 Horizontal 
10,000 220/440 Induction 220/440 Horizontal F/W 

200/400/800 50 Induction 220/440 Horizontal F/W 
50 4,000 200/400/800 90/75 Induction 220/440 Horizontal A/F/W 
50 10,000 220/440 90/75 Induction 220/440 Vert/Horiz A/F/W 
200/400/800 90/75 Induction 220/440 Vert/Horiz A/F/W 
15 10,000 220/440 125 Induction 220/440 Horizontal WwW 
200/400 /800 125 Induction 220/440 Horizontal WwW 
100 3,000 400/800 150/175 Induction 220 up Vert/Horiz A/W 
100 10,000 40 150/175 Induction 220 up Vert/Horiz Ww 
200/ 400/800 150/175 Induction 220 up Vert/Horiz Ww 
150 3,000 400/800 250 Ind/Syn 440 up Horizontal Ww 
150 10,000 440/880 250 Induction 440 up Horizontal w 
400/800 250 Induction 440 up Horizontal Ww 
175 1,000 400/800 300 Induction 440 up Vert/Horiz A/W 
175 10,000 400/800 300 Induction 440 up Vertical Ww 
200 3,000 400/800 300 Ind/Syn 440 up Vert/Horiz A/W 
250 1,000 400/800 350 Ind/Syn 440 up Horizontal A/W 
250 10,000 440/800/880 350 Induction 440 up Vert/Horiz Ww 
300 1,000 800 450 Induction 440 up Horizontal Ww 
400 3,000 800 450 Ind/Syn 440 up Vert/Horiz A/W 
450 1,000 800 500 Ind/Syn 440 up Vert/Horiz Ww 
350 10,000 800 500 Induction 440 up Horizontal H 
500 3,000 800 800 Ind/Syn 440 up Horizontal A/W/H 
700 1,000 800 1000 Ind/Syn 440 up Horizontal A/W 
700 4,000 800 1000 Ind/Syn 440 up Horizontal A/W 
100 10,000 800 1000 Induction 440 up Horizontal A/W/H 
1000 J 1500 Ind/Syn 440 up Horizontal A/W 
1000 3,000 800 1500 Ind/Syn 440 up Horizontal A/W 
1250 1,000 800 1950 Ind/Syn 440 up Horizontal A/W 
1250 4,000 , 800 1950 Induction 440 up Horizontal H 
1500 3,000 800 2100 Induction 440 up Horizontal H 
2500 4,000 800 3750 Synchronous 40 up Horizontal H 


(a) Generator may be given higher ratings for intermittent service. Multiple ratings 
indicate a choice of voltage is available at each kilowatt rating. For example, for 
itern 4 in the table, one facility indicates 30-kw generator available with voltage ratings 
of 220 and 440; another facility indicates 30-kw generator available with voltage ratings 
of 200, 400 or 800, each with the same frequency. (b) A open, air cooled; F enclosed, 
fan cooled; H hydrogen, water cooled; W enclosed, water cooled. 


Vacuum Tube Equipment 


Output 
Frequency, Input 
Kw ke per sec Phase Voltage Amperage Cooling 
1 500 115 17 Air 
1 1600 115 17 Air 
1 2500/3000 115/220 17/10 Air 
2 4000 1 220 20 Air 
2.5 1 220/440/550 27 Water 
3 450 ‘ 1 220 40 
4 450 3 220/440 
5 450/530 TTT TTT 1/3 220/440 70/40 TT 
5 250/600 1/3 220/440/550 55/32 Water 
5 2100 3 220 29 Air 
75 250/600 1/3 220/440/550 65/38 Water 
10 250/600 ‘ 1/3 220/440/550 52/30 Water 
10 450/530 3 220/440 70/40 
12.5 2100 3 220 73 Air 
20 180/600 3 220/440/550 105 Water 
25 450/530 220/440 150/80 
25 180/400 ie 3 220/440/550 130 Water 
25 2100 3 440 74 Water 
30 180/400 $ 220/440/550 175 Water 
50 180/400 3 440/550 138 Water 
50 450/530 TTrTTTTT Te 3 220/440 300/150 Water 
75 180/400 Se 3 440/550 210 Water 
100 180/400 3 440/550 275 Water 
100 450 ne 3 > Water 
200 450 F 3 440 es Water 
600 200 ver 3 2300 eee Water 
Spark-Gap Equipment 
Output-————, 
Frequency, - Input ————_ ———. 
Kw ke per sec Phase Voltage Amperage Cooling Kw 
0.25 200 1 115 5 Air 05 
1 300/600 1 115/220 9 at 220 Vv Air 2 
2 300/600 1 220/440/550 18 at 220 v Water 4 
4 150/600 1 220/440/550 35 at 220 v Water 75 
45 40 1 220/440 60/30 6 
75 150/600 1 220/440/550 70 at 220 Vv Water 15 
15 150/600 1 220/440/550 140 at 220 v Water 30 
15 30 1 220/440 125/65 eee 20 
30 20 1 220/440 250/125 “on 40 
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interior by conduction as soon as the 
surface is heated, the actual depth of 
heating is determined by the heating 
time and the power density ‘kw per 
sq in. of surface within the inductor) 
as well as by the frequency. Maximum 
power density, minimum time of heat- 
ing and high frequencies will produce 
a minimum case depth. The influence 
of these factors is apparent in Table II 


Selection of Frequency 


In analyzing the frequency and 
power required for a specific applica- 
tion, it is desirable to consider the 
frequency first. Primary considerations 
are the depth of heating and the size 
of the part 

Table III lists the power sources and 
frequencies most commonly used in 
induction hardening. As shown in this 
tabulation, the lower frequencies are 
more suitable as the size of the part 
and the case depth increase. However, 
because power density (kw per sq in. 
of surface within the work coil or in- 
ductor) also has an important influence 
on the depth to which the part is 
heated, wide deviations from this chart 
may be made with successful results, 
since higher densities of power com- 
pensate for lower frequencies. This is 
particularly important where equip- 
ment of a given frequency already 
exists in the plant or where equipment 
is required for several different applica- 
tions. In some instances, the determin- 
ing factor in selecting the frequency is 
the power required to provide power 
density sufficient for successful hard- 
ening, since lower-frequency equipment 
is available with higher power ratings 

The use of wrong frequency will re- 
sult in a decrease in electrical effi- 
ciency; sometimes in failure to main- 
tain a minimum case depth where 
shallow cases are required; or in 
failure to heat uniformly throughout 
the piece where through hardening is 
required. Figure 1 illustrates the de- 
crease in transfer of energy or heating 
efficiency that results when the wrong 
frequency is selected. While the effi- 
ciency for all frequencies is similar 
with large bar sizes, maximum effi- 
ciency is achieved with small bars by 
using higher frequencies. In parts of 
small diameter suitable hardening tem- 
peratures cannot be obtained with the 
frequencies shown in Fig. 1. Megacycle 
(million-cycle) frequencies are desir- 
able for such parts, or the thin sections 
may sometimes be hardened success- 
fully with normal frequencies by using a 
combination of induction heating and 
radiation from an induction heated 
liner that surrounds the part except 
for a slit along its length to prevent 
electromagnetic shielding 


Selection of Power 


The size of the converter or the 
power required should be determined on 
the basis of the following factors 


1 Requirements for power density and 
the minimum time needed to produce 
the specified hardness, depth of hard- 
ness and length of section to be hard- 
ened. This information may be avail- 
able from previou experience, from 
experiment or from data such as those 
in Table Il 

The size of the section to be heated 
will determine the possible limits of 
power density available with a con- 
verter of a given size 
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Table 


(Influence of Power Density,'* 


Affected Depth, in.'' 
3000 


Prior 
Treatment 


5 Kw per Sq In., Maximum Inductor Input 


Hardened Dey 


10,000 ¢ 500 ke 3000 « 


10.000 « 


th, in 


500 ke 


Experimental Data for Induction Surface Hardening of 1045 Steel 
Prior Structure and Frequency on Depth of Hardness) 


He 


SOOO 


sec'" 


500 ke 


iting Time 
10,000 « 


Annealed 0.178 0.152 0.126 0.143 0.125 0.006 64 76 10.5 

Normalized 0.144 0.137 0.110 0.108 0.006 0.088 3 75 10.5 

Quenched and tempered 0.116 0.103 0.048 0.096 0.070 0.042 70 74 78 
10 Kw per Sq In., Maximum Inductor Input 

Annealed 0.157 0.125 0.063 0.114 0.104 0.057 3.3 26 35 

Normalized 0.122 0.105 0.062 0.093 0.089 0.057 3.2 26 40 

Quenched and tempered 0.096 0.074 0.029 0.080 0.066 0.026 3.2 24 2S 
15 Kw per Sq In., Maximum Inductor Input 

Annealed 0.148 0.109 0.110 0.094 24 14 

Normalized 0.114 0.085 0.089 0.080 25 13 

Quenched and tempered 0.088 0.067 0.072 0.062 19 12 

(a) Power density per unit of hardened surface area. Power face where hardness decreased to Rockwell C 50. (d) Minimum 

densities of 30 to 35 kw per sq in. may be used in scanning heating time that provided satisfactory structure 

applications. (b) Minimum depth below surface where no appre- These data, for bars of 1% in. diam, can be used for diameters 

ciable change occurred in prior structure. (c) Depth below sur- above the knee of the curves (75 value) in Fig. 1 


3 The shape and design of the part. If 
the part is suitable for “scanning” or 
progressive hardening (that is, hard- 
ening by traversing the part under or 
through an_ inductor and quench 
assembly that hardens only a small 
segment or band at one time) greater 


obtained fron 
harden- 


densities may be 
Progressive 


power 
the equipment 


ing is the enly practicable procedure 
for the surfaces of long shafts, spin- 
dies and lead screws 

4 The production requirements should 


a practical basis 
pieces per 


be stated terms of 
of working time, preferably 
hour, and should include an allowance 
for repairs and maintenance, operating 
efficiency (frequently taken 80°.) 
and future requirements, if known 
An estimate of the size of unit or 
power required may be made from the 
information relating to the above fac- 
tors. From the power density and the 
minimum heating time required to 
meet specifications, the input of en- 
ergy per unit of surface area within 
the inductor (kw-sec per sq in.) may 
be calculated. From the size of the 
part, the surface area may be deter- 
mined, and from this the input of 
energy required to heat each piece 
successfully (kw-sec per piece). If the 
information available at this point 
indicates that the specifications for 
case depth and hardness pattern can 


in 


as 


gmeter in 


Barl 
Fig. 1. Efficiency of Energy Trans- 
fer at Several Frequencies to 1045 
Steel Bars of Various Sizes Heated 


to 2000 F. Inductor ID was 1.125 in 
larger than bar OD. Megacycle fre- 
quencies are needed for hardening 
bars of the smallest sizes 


(crit- 
not 


be obtained only with a precise 
ical) heating time, and scanning is 
possible, the power required can be 
determined readily by dividing the 
energy input per piece by the critical 
heating time. If the specifications for 
case depth and hardness contour allow 
some latitude, the heating time may be 
increased with a corresponding de- 
crease in power to keep the input of 
energy per piece essentially constant 

If the production rate based on the 
size of converter thus determined does 
not meet production requirements, then 
either two or more units of like capac- 
ity may be used, or a single unit hav- 
ing two, three or four times the capac- 


ity determined may be used to induc- 
tion harden two, three or four pieces 
simultaneously in a multiple coil 
When the shape and design of a 
part are suitable, high power densities 
may often be obtained with relatively 


low-power units by scanning. Although 
such parts as cams, camshafts and 
crankshafts, because of their shapes, 
are not amenable to scanning, straight 
Shafts, lead screws and spindles are 
For such parts, the size of the unit is 
determined by reducing the production 
requirements to a rate of hardening (r) 
in inches per second, calculating the 
length of inductor (J) in inches from 


Table Il. 


the minimum heating time (t) required 
calculating 
within 
and 
power 
power 


ad 


area 
(square 
lating 

watts from 
watts 


Consider that it is required to harden 
the full length of the following shafts 
in a given plant 


2-in 


The 
normalized 
hardness of Rockwell C 50 is required 
at a depth of 0.090 in 
and corresponding 


the 


of power 
section 
depths of 0.050 to 0.100 in 


noted rating 


in 


rt), then 
of the 
inches) 
total 
the 
square 


the 


per 


Example of Selection 


diam 


diam by 10 


steel 


frequency 
source 
ize 


that 


part 


ine 


by 6 in. | 


in 


selected 
condition 


me 


from 1 


motor -generator ¢ 


frequency of 


Power selection may be determined 
from data in Table II that give the 
power density and the minimum heat- 


ing 


heat 


time 


treated 


10,000 cycles 


needed t 
quired hardness and depth for 
conditions 


Selection of Power Source and Frequency for Various Applications 
of Induction Hardening 


surface 
inductor 
calcu- 
kilo- 
kilo- 


the 
the 

finally 

input 
density 


in 
in 


h 


st 200 per hr 
it 160 per hr 


ong 


long 


1045 in the 
minimum 


1s 
and 


Table ITI, 
type 
For 


From 


selected 
in. and case 
it may be 
been given 
with a 


be 


to 2 


ay 


A has 
‘quipment 


the re- 
various 
For 


© produce 


of steel 


Power 
Lines 


50 or 60 « 


Section 
Size, in 


Hardened 


Depth, in.'' 1000 


0.015 to 0.050 1/4tol 


7/16 to 5/8 


5/8to1 

0.050 to 0.100 lto2 
Over 2 B 
3/4 to 2 

0.100 to 0.200 2to4 A 
Over4 A 


1/8 to 1/4 


Frequency 


Motor Generators 
3000 « 


10.000 « 


B 

A 
B A 
A A 
A A 
A B 
B 


Sp 
20 


A 
1/4 to 1/2 B A A 
Through 1/2tol B A B B 
lto2 A A 
Hardening 2to4 A A B 
4to8 B A B 
Over 8 A A 
(a) Indicated selections are rated A as most suitable, B as suitable, C as satisfac- 
tory. Considerable overlap exist ind specific frequencies can be used successfully 
over a wide range of application (b) Depth below surface for minimum hardness 
of Rockwell C 50, as quenched. (c) Megacycle frequencies necessary for case depth 
less than about 0.015 in 


Vacuum 
Tube 
er 200 ke 


ark Gap 
to 600 k« 


A A 


A A 
A A 
B B 

Cc 
Cc B 
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example, the values in Table II for 
the normalized structure indicate that 
a power density of 10 kw per sq in. at 
10,000 cycles will produce a hardened 
depth of 0.089 in. in a minimum heat- 
ing time of 2.6 sec, or it may be deter- 
mined that an energy input of about 
26 kw~-sec per sq in. of surface is re- 
quired. If an attempt were made to 
heat the entire 6-in. length at once, 
this would mean heating 6 in. ~ 1 in 
3.142 Gength diam or 188 
sq in. of surface, and the power re- 
quirement would be 188 kw, consider- 
ing a power density of 10 kw per sq 
in. as necessary 

Since these parts lend themselves to 
heating and quenching progressively 
(scanning), a second estimate of power 
may be made, using the same figures 
for power density, depth of case and 
heating time. To satisfy the production 
requirements for heating the part when 
it is passed through the inductor or 
heating coil progressively, the rate of 
hardening (r) should be: 


200 pieces per hr » 
3600 sec per hr 


6 in. long 
0.8 operating efficiency 


042 in. per sec 


To meet the minimum heating time 
(t) of 2.6 sec for successful hardening, 
the length of the inductor (1) must 
then be 0.42 in. per sec 2.6 sec 
1.08 in. A power density of 10 kw per 
sq in. applied to a coil 1.08 in. long to 
heat a part of i-in. diam would re- 
quire a power input of 
3.142 1 1.08 10 = 34kw 


A similar analysis for the 2-in. shafts 
yields: 


160 pieces per hr - 
3600 sec per hr 


10 in, long 
08 operating efficiency 


0.56 in. per sec, 
which is the scanning speed required 


to produce 160 pieces per hr. The 
length of the coil required is 


0.56 in. per sec « 2.6 sec 
and 3,142 2-in. diam 
kw per sq in 


1.45 in, 
1.45 in. long « 10 
913 kw 


The total power requirement is: 


34 (for 
913 
125.3 


diam shafts) 


(for 2-in. diam shafts) 


Referring to Table I, the total power 
requirement would be met with the 
selection of a 150-kw, 10-ke motor- 
generator unit. 

In the example given, a choice is 
available in selecting either one gener- 
ator capable of furnishing the total 
amount of power required, or two indi- 
vidual generators each capable of han- 
dling one hardening assignment — that 
is, a 50-kw and a 100-kw generator 
The single large generator would be 
the better choice and would require a 
lower initial investment if the harden- 
ing operations were centralized or 
grouped. For widely separated loca- 
tions, the cost of extra handling should 
be studied. This factor may place the 
multiple-generator arrangement on a 
more favorable cost basis; also the 
additional flexibility and insurance 
against total shutdown in the event of 
a single failure would favor the instal- 
lation of two generators. 
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When data of the kind reported in 
Table II are not available, approxi- 
mate power requirements may be esti- 
mated from the known values of the 
energy input required per unit surface 
area to produce given results. For ex- 
ample, the value of 35 kw-sec per sq in 
is commonly used to represent the en- 
ergy input required per sq in. for hard- 
ening plain carbon steel to a depth of 
0.125 in. From this value the total in- 
put of energy required per piece may 
be determined by calculation, and then 
the power or size of converter may be 
estimated by using the time available 
to heat each part as defined by the 
production requirements. Obviously this 
technique does not assure that an 
acceptable hardness and hardness pat- 
tern will be obtained, so it should be 
used only as a preliminary estimate 


basic factor that determines the rate 
of heating. For most rapid heating 
rates, therefore, inductors are designed 
to provide the maximum flow of cur- 
rent in the inductor, and the closest 
coupling (distance between inductor 
ID and the part) permissible, after 
consideration of work handling fea- 
tures and arcing between the work and 
the coil. In practice, considerable vari- 
ation exists in the design of coils for 
tube, spark-gap, motor-generator and 
line frequencies. At all frequencies, 
however, the coils are generally of 
copper, because of its high conductiv- 
ity and wide availability at moderate 
cost. The copper may be in the form 
of tubing or solid bus bar, or a combi- 
nation of both if required 

A number of basic work-coil designs 
for use with spark-gap and tube units 


Fig. 2. Typical Work Coils or Inductors for Induction Heating Units 


For through hardening and temper- 
ing, calculations based on the energy 
input per pound (kw-sec per lb) of 
metal heated are used extensively, 
since depths and patterns of hardness 
are not a problem. Estimates of power 
requirements on this basis are particu- 
larly common with 60-cycle induction 
heating. The energy input per pound 
varies with the temperature of heating; 
approximate values are 600 kw-sec per 
lb of steel (power as measured at the 
power line supply) for heating to 1600 
to 1700 F, and 300 kw-sec per lb when 
heating to 1150 F for scanning opera- 
tions. From such data the energy in- 
put per piece may be calculated and, 
as before, the power or size of the 
converter may be estimated from the 
amount of time available to heat each 
piece as determined from the produc- 
tion requirements. 


Selection of Coil Design 


The success of many induction heat- 
ing applications is related to the selec- 
tion and design of the proper work coil 
or inductor. This design is influenced 
by a number of factors, including the 
dimensions and configuration of the 
part to be heated, the heat pattern 
desired, whether the part is heated 
throughout its length at the same time 
or progressively, the number of parts to 
be heated at one time and the amount 
of power available. 

The strength of the magnetic fleld 
within the inductor or work coil is the 


and the heat patterns developed by 
each are shown in Fig. 2. These basic 
shapes include: (a) a simple solenoid 
for external heating, (b) a coil to be 
used internally for heating bores, (c) a 
“pancake” coil for spot heating, (d) a 
coil designed for brazing carbide tips 
to shanks, (e) a split-solenoid coil for 
heating tubing joints, and (f/f) a “pie- 
plate” type of coil designed to provide 
high current densities in a narrow 
band for scanning applications 

The basic shapes shown may, of 
course, be distorted to fit the contour 
of cam surfaces, gear teeth, cones and 
other irregular shapes. In addition, 
combination coils can be constructed to 
provide simultaneous heating on the 
inside and outside diameters, as well 
as multiple-section coils for heating 
several pieces at one time, conveyor- 
type coils and split coils of various de- 
signs. Solenoid-type coils for external 
heating are most efficient and should 
be used whenever possible 

Commercial copper tubing may be 
used for such coils. The tubing must 
be large enough to permit an adequate 
flow of water for cooling. With ma- 
chines of very low power, the tubing 
may be as small as ‘-in. diam but is 
usually 3/16 or 4-in. diam for units of 
20 to 50 kw. Tubing is frequently par- 
tially flattened to increase the number 
of turns per unit length. Once formed, 
the coil can be supported by fastening 
the individual turns to rigid strips of 
insulating material. If required, the 
turns of the coil may be insulated from 
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each other or from the work, with 
close-fitting, flexible (spun) glass tub- 
ing or other insulating materials 

Coil turns are normally spaced 1/16 
to 3/32 in. apart with a 1/16 to \-in. 
space (coupling) between the work- 
piece and the coil. Considerable adjust- 
ment in the heat pattern is possible by 
varying either the spacing between 
turns or the coupling for individual 
turns. 

The design of inductors for motor- 
generator frequencies may be con- 
sidered in two categories: (1) a single- 
turn inductor for high current densities 
(20 to 50 times the generator output 
current) is employed to confine heat- 
ing to a comparatively narrow band or 
segment, and (2) a multi-turn inductor 
for low current densities (1 to 5 times 
the generator output current) is em- 
ployed to heat through the part or 
heat a wider or larger area. Single- 
turn inductors ordinarily utilize a 
stepdown transformer between them 
and the generator, while multi-turn 
inductors are connected to the genera- 
tor either directly or through another 
transformer 

The thickness of the copper conduc- 
tor used with motor-generator units is 
important. For efficient operation the 
following minimum thicknesses of wall 
may be used as a guide in constructing 
multiturn coils 


Minimum Wall Frequency, cycles 
Thickness, in per sec 
0.120 1,000 
0.070 3,000 
0.040 10,000 


Whenever possible in the construction 
of single-turn coils, where current 
densities may be considerably higher, 
these minimums should be increased 
three or four times 

A great many surface hardening ap- 
plications lend themselves to the use of 
Single-turn inductors of bus bar con- 
struction. Such an inductor for use at 
motor-generator frequencies is illus- 
trated in Fig. 3. Because of the high 


Fig. 3. Inductor Block for Heating 
and Quenching Cylindrical Bars. 
Brazed fabrication of solid bus bar. 


current densities and the extremely 
thin cross section in which the current 
confines itself, artificial cooling is re- 
quired. This is usually accomplished by 
circulating water through channels 
provided for the purpose. These chan- 
nels may be made by drilling connect- 
ing holes or milling out a path to make 
a completed loop around the bore of 
the inductor, and then plugging the 
exposed ends of the holes or brazing a 
copper sheet over the milled passage 
to make a continuous watertight cool- 
ing channel. Cross-sectional areas of 
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the cooling passages in the order of 
0.050 to 0.125 sq in. will provide ade- 
quate cooling at water pressures of 40 
to 50 psi for power inputs from 30 to 
150 kw 

Often this design of inductor can in- 
clude another water chamber with a 
suitable pattern or series of orifices di- 
rected for spray quenching the heated 
area. Such a spray quench is effective 
for “single-shot” hardening of work 
that is stationary while being heated 
and quenched. For progressive harden- 
ing of a narrow band or area, the ori- 
fices must be directed at an angle so 
that the quenching medium will strike 
the heated work as it moves out of the 
inductor. A satisfactory angle, which 
eliminates backwash of the quench, is 
about 30 deg from the work 

For hardening areas on cylindrica) 
parts using a “single-shot” technique, 
the length of the inductor bore should 
be longer than the area to be hardened, 
the actual overlap decreasing with an 
increase in power density. With inter- 
mediate power densities the inductor 
bore should be approximately % in 
larger than the area to be hardened if 
that area does not extend to the end 
of the part. If the area to be hardened 
is at the end of a shaft or protrudes 
from the shaft as on an eccentric 
cam or gear, the inductor bore should 
be % in. longer than the area. For 
efficient transfer of energy the induc- 
tor bore may be 0.120 to 0.200 in. larger 
in diameter than the part. As the bore 
is increased, the work will approach a 
weaker portion of the magnetic field, 


heating time will be increased, and the 
heated pattern will be deeper unless the 
power density is increased correspond- 
ingly 

With the cylindrical areas described, 
single-shot inductors are generally 
operated at power densities of 5 to 15 
kw per sq in. When the length of the 
hardened area is such that the power 
density obtainable is lower than that 
required for a specified maximum case 
depth, it is logical to consider an in- 
ductor for progressive hardening, if 
the work is adaptable. The shorter in- 
ductor will usually permit the power 
density requirement to be satisfied. An 
inductor bore 1 in. long is satisfactory 
for shafts of \ to 3-in. diam, although 
the bore may be shorter if the power 
is limited 

Sometimes, for production reasons, it 
may be desired to harden more than 
one part at a time. If enough power is 
available and the shape of the part 
permits, the number of bores in the 
inductor may be increased accordingly, 
or multiple coils may be used 

To permit access in hardening a 
bearing on a part with a shape that 
cannot be threaded through the bore 
of the inductor, the inductor may be 
split in half and the two halves 
clamped together when carrying cur- 
rent. Good contact surfaces are man- 
datory and are usually made of coin- 
silver strips brazed to the inductor at 
the points of juncture 

In constructing inductor coils for 
heating irregular shapes, it should be 
remembered that the portions of the 
work closest to the inductor will usu- 
ally be in a stronger magnetic field and 
will heat more rapidly. If the irregu- 
larity is in the transverse plane of the 
part and does not have sharp corners, 
thin sections, or sharp re-entrant sur- 
faces, a hardness pattern generally fol- 
lowing the contour of the part may be 
expected with a circular inductor. If 
this is not satisfactory, an inductor 
should be constructed with a uniform 
air gap so that the bore will follow 
the irregularity. It may still be found 
necessary to “relieve” or increase the 
air gap around the section having least 
mass, in order to reduce the strength 
of the magnetic fleld and reduce the 
heating rate. An example of this might 
be a cam or an automotive camshaft 

If the irregularity is in a longitudinal 
plane parallel to the axis of the induc- 
tor bore, as in a shaft with a bearing 
surface and an adjoining shoulder to 
be hardened, the inductor may again 
be machined initially to follow the 
shape of the part to produce a uniform 
air gap. The current density, however, 
will be the strongest at the smallest 
bore dimension, because the current 
will follow the path of least imped- 
ance; therefore it will be found neces- 
sary to increase the dimension of the 
air gap at this point in order to de- 
crease the heating rate 

Another such example is in harden- 
ing the teeth and roots of a bevel gear. 
Here again the current density will be 
strongest at the smallest bore dimen- 
sion, and it will be necessary to in- 
crease the air gap to the teeth at that 
point to produce a uniform hardening 
pattern 

The effect of the air gap on the 
hardness pattern produced for a num- 
ber of irregular shapes is shown sche- 
matically in Pig. 4. In practice, it may 
be difficult to avoid overheating at 
sharp corners 
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As with high-frequency coils, the 
coils constructed for line frequencies 
(60 cycles) are almost invariably made 
of copper tubing through which water 
is passed to maintain a safe working 
temperature. For an equivalent volt- 
age many more turns are required in 
the low-frequency coils, but it is fea- 
sible to use multilayer construction 


| 
| 
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Copper Tube 
for Cooling Water 


Fig. 4. Influence of Air Gap or 
Coupling on Heat Pattern 


Optimum efficiency is usually achieved 
by keeping the radial dimensions of the 
tubing smaller than about 0.300 in 
Rectangular tubing gives the best 
space factor and strongest construc- 
tion. With the insulating and lining 
materials now available, it is practica- 
ble to build coils that are capable of 
operating up to 600 vy 

Frequently it is necessary to com- 
promise in the design of an inductor 
Such a compromise is the inductor for 
the cam shown in Fig. 5. In this ap- 
plication the frequency was 1920 cycles. 
The cam was heated and quenched in 
a single-turn, round inductor. The 
lower frequency employed shows its in- 
fluence in the relatively deep hardness 
pattern. In the tips of the cam the 


Fig. 5. Brake Cam Sur- 
face Hardened at Fre- 
uency of 1920 Cycles 
Jeated and quenched in 
single-turn, round inductor 


current followed the shortest possible 
path, thus eliminating the extreme 
tips, which probably were not heated 
by induction, but by conduction of heat 
from other parts of the cam. The sec- 
tions of the cam nearest to the induc- 
tor show deeper hardening than the 
rest of the part. A more uniform pat- 
tern could be secured by using a shaped 
inductor and higher frequency; how- 
ever, this example illustrates the re- 
sults obtained from a simple round 
inductor shape when it is used with 
contoured parts. 


Matching of Impedance 


Efficient transfer of energy available 
from the high-frequency converter to 
the workpiece depends on good match- 
ing of impedance as well as on good 
coil design. This applies to all types of 
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equipment for induction heating and 
is particularly important when work 
coils or inductors have low impedance 
(one and two turns). Matching equip- 
ment consists of auto-transformers, 
fixed-ratio stepdown transformers, var- 
iable-ratio stepdown transformers and 
capacitors. 

Motor-Generator Units. Motor-gen- 
erator units are rated according to 
maximum power, amperage and volt- 
age. The maximum rated power can- 
not be attained unless the maximum 
ratings of amperage and voltage are 
reached at the same time. For example, 
a generator rated at 50 kw and 440 v 
would require 113 amp to secure maxi- 
mum power. If a load were connected 
that would draw 60 amp at 440 v with 
a unity power factor, the actual power 
in kilowatts would be (60 ~ 440) ‘1000 
or 26.4 kw-—slightly more than half the 
50 kw available. A load that drew 113 
amp at 200 v with unity power factor 
would result in (113 ~ 200)/1000 or 22.46 
kw. The 113-amp load prohibits the 
generator from using enough voltage 
to attain maximum rated power. In ad- 
dition, single-turn inductors frequently 
used with motor-generator equipment 
have such low impedance that con- 
siderable capacitance must be provided 
for in the circuit in order to maintain 
a unity power factor. 

The simplest but least flexible 
method of matching impedance is that 
of the fixed-ratio stepdown transformer 
with a capacitor bank between gener- 
ator and inductor. This method is the 
least expensive and can be designed for 
a particular load, but only one type of 
load can be run at the rated power of 
the generator when properly matched 
Other types of load may be run but 
at somewhat lower power. A more 
flexible method is to connect an auto- 
transformer, capacitors and a fixed- 
ratio transformer between generator 
and inductor. This is most often used 
when the generator voltage is hirh 
(800 v) to permit the selection of a 
lower fixed-ratio stepdown transformer. 
It also has the advantage that it per- 
mits matching several different loads 
accurately, within limits, by changing 
taps on the autotransformer, provided 
the proper ratio is maintained at the 
fixed-ratio transformer 

Two other methods are similar to 
those mentioned above except that they 
employ variable-ratio rather than fixed- 
ratio stepdown transformers. In each 
of these methods considerably greater 
flexibility is attained, but at higher 
initial cost and slightly reduced oper- 
ating efficiency 

Many variables obviously affect the 
ultimate selection of the transformer 
ratio for best matching of impedance 
in a given application. While no simple 
formulas are available for determining 
or selecting this ratio, certain basic 
observations derived from experience 
are helpful, for example: 


1 As the length of the inductor increases, 
an increase in the number of turns on 
the primary of the transformer is 
necessary to maintain constant power 
and constant generator voltage and 
current 
As the diameter of the part increases, 
a decrease in the number of turns on 
the primary of the transformer is 
necessary to maintain constant power 
and constant generator voltage and 
current 
In order to draw the same power when 
inductors and parts of the same size 


and shape are involved, an increase in 
turns on the primary of the trans- 
former will require a higher generator 
voltage, and vice versa. 

With constant generator voltage and 
size and shape of inductor and part, 
a decrease in transformer ratio will 
increase the power and the amperage, 
and vice versa. 

For a given generator voltage, and size 
and shape of inductor and part, an in- 
crease in frequency will require a de- 
crease in transformer ratio, or vice 
versa, to maintain the same power 


Table IV may be used as a guide for 
estimating suitable transformer ratios 
for 10-ke equipment. Actual trials 


Table IV. Transformer Ratios for 
Impedance Matching in 
10-Ke Equipment 


Transformer 
Inductor Power ~ Ratio — 
Length, in. kw 220v 400v 800V 


14-In. Section Size 


. Section Size 
12.5 22 
25 17.5 
375 15.5 
50 14.5 
Section Size 
15 19.5 
30 15.5 
45 14 
60 13 
75 12 


Section Size 
20 16.5 
40 13 
60 11.5 

10.5 
10.5 

. Section Size 
10.5 
95 
85 
8 


2'4-In. Section Size 
10 
8 
7 
65 


3-In. Section Size 


(a) Single-turn inductors. (b) “26"" means 
“26-to-1" transformer ratio, and so on 


should be made to determine exact 
ratios because of great differences in 
characteristics of transformer, circuit 
and inductor. This table is for single- 
turn inductors, and it is assumed that 
the inductor is % in. longer than the 
hardened area and 3/16 in. larger in 
ID than the OD of the part. If Table 
IV is to be used for a specific set of 
variables not actually listed together, 
the five observations previously set 
forth may be applied for estimation. 
For example, if a 2-in. diam part is to 
be hardened over a 1's-in. length, the 
inductor would be %-in. longer than 
the hardened length, or 1's in. long. 
A transformer ratio of 95 to 1 is rec- 


7 
5 
a 
¥ Wa VA i 
| 
1 20 19.5 
34-In 
; 25 
P 22 
1%-ly 
19 
19 
| 2-In 
19 38 
17 34 
16 32 
14.5 28 
! 
14 28 
13 26 
12 24 
7 12.5 25 
5.5 10 20 
S 5 18 
4-In. Section Size 
4 9.5 19 
200 75 15 
: 65 13 
4 
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ommended in Table IV for this opera- 
tion to maintain 75 kw with a 220-v, 
10-ke generator. If 50 rather than 75 
kw were used for this same job, the 
observation made in item 4 of the 
preceding listing could be applied, and 
a ratio would be selected somewhat 
higher than 95 to 1 (12 to 1, for 
instance). 

When multi-turn coils are used, the 
coil for large parts can often be de- 
signed so that no transformer is needed 
and load matching is accomplished by 
the usual complement of capacitors 
alone. In tests of loaded coil imped- 
ance, it is usual to check the imped- 
ance matching with the generator in 
operation and the work cold. Starting 
with a low value of capacitance, capac- 
itors are added to the circuit to secure 
unity power factor with the maximum 
values of voltage or amperage within 
the rating of the generator. If the 
voltage is low but the current is high, 
the load impedance presented to the 
generator is not great enough and coil 
turns must be increased or the coil 
more loosely coupled to the load. If the 
current is low but the voltage is high, 
excessive impedance is indicated and 
better matching may be accomplished 
by removing coil turns or coupling 
more closely to the ~work 

If changes in coil design and capaci- 
tance do not result in full loading of 
the generator (rated voltage and am- 
perage at unity power factor), then a 
transformer of the proper ratio is 
needed as with single-turn inductors. 
A combination that works well with 
multi-turn coils is the use of an auto- 
transformer and capacitors as “match- 
ing” equipment. This method permits 
greater freedom in coil design since the 
autotransformer can be used to match 
the load with a range of selections in 
number of turns and tubing size 

Spark-Gap Units. Matching imped- 
ance in a spark-gap converter requires 
tuning the circuit in the machine to 
resonance with the output circuit. A 
variable inductance in the unit, con- 
trolled from the outside, may be ad- 
justed to give a maximum reading on 
an output meter at the point where 
the best transfer of energy is attained 
This adjustment can be made with the 
work hot or cold, depending on the 
power available and the amount of 
heat necessary in the work. The res- 
onance setting is indicated on a num- 
bered dial. Some work coils may show 
two resonance points as the tuning is 
varied. The correct setting is the one 
that gives the highest reading on the 
output meter. With coils of very low 
impedance (single-turn or small-di- 
ameter coils) suitable matching often 
is not possible with the variable induc- 
tance in the converter, consequently a 
transformer is required to obtain the 
matching 

As with motor-generator equipment, 


correct impedance matching is im- 
portant. Incorrect resonance settings 
result in lower efficiency of power 


transfer to the work and in a longer 
heating time 

Tube Units. Matching impedance in 
tube units usually requires an output 
transformer with a primary winding 
of high impedance to match the high 
impedance in the tube output circuit. 
Secondary windings are usually 1, 2, 
3, 4 or 5 turns, depending on the size 
of the heating coil and the work load. 
Voltage output increases with the in- 


crease in secondary turns in the trans- 
former. Capacitors are sometimes used 
in the load circuits for certain appli- 
cations to afford some measure of cor- 
rection of the power factor, but must be 
chosen with care because of the higher 
voltages encountered in these circuits 
When heating coils of one or two 
turns are used with an output trans- 
former, the coil leads must be kept as 
short and as close together as possible 
so that inductance in the leads is of 
low value. Widely spaced or long leads 
may have as much inductance as the 
heating coil itself and can result in 
waste of a large part of the power 
available from the transformer. 
Influence of Temperature on Imped- 
ance Matching. Since the magnetic 
permeability and electrical resistivity 
of ferrous loads change as heating 
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Coil Arrangement for Continuously 
Hardening 20-mm Steel Shot 


occurs, the impedance of the work cir- 
cuit will change as the work tempera- 
ture increases, so a perfect impedance 
match is impossible. If the impedance 
is matched while the work is cold, the 
demand for power will usually increase 
at first and then decrease as the work 
increases in temperature. This may be 
an advantage in avoiding overheating 
if sufficient power is available to con- 
tinue heating at this stage of the heat- 
ing cycle; but may be a disadvantage 
if limited power is available and the 
change results in loss of efficiency at 
higher temperatures 

Matching the impedance with work 
that is hot will result in better transfer 
of energy at the higher temperatures 
but will cause slower initial heating of 
the cold work—or, with tube converters, 
overloading. The change of impedance 
as the work becomes heated may be 
partially compensated by the timed ad- 
dition of capacitance or inductance to 
the output circuit. 


Selection of Accessory 
Equipment 

Integration of 

arrangement and 

dling equipment 

duction heat 


coil design, 
fixtures, and han- 
frequently allows in- 
treating operations in 
high speed production lines. On the 
other hand, manually operated or par- 
tially mechanized fixtures and work- 
handling arrangements are used suc- 
cessfully with minimum initial cost 
While basic principles of machine de- 
sign are applicable, special advice con- 
cerning materials of construction is 


quench 


desirable from equipment manufac- 
turers or users. Aluminum, brass and 
nonmetallic materials are used fre- 


quently to minimize heat losses 

Work-Handling Equipment is avail- 
able in a number of standard units 
Typical arrangements include hopper 
and magazine feeding of small parts, 
or conveyer and rotary table feeding 
of larger parts to the work coil and 
thence into the quench. Often parts are 
rotated to provide greater uniformity 
of temperature 

A schematic drawing of a 
table arrangement for continuously 
hardening 20-mm steel shot is shown 
in Fig. 6. In this installation, shot 
loaded at one location are moved con- 
tinuously through a conveyer type of 
coil designed to provide the required 
heat pattern, and are quenched, after 
emerging from the coil, by dropping 
through an opening in the table into 
a quench tank 

Gears and other cylindrical parts 
may be moved by horizontal conveyers 
that stop at each station. Rotating 
spindles raise the piece into the in- 
ductor and quench, returning the piece 
to the conveyer carrier after treatment 
The conveyer then moves on 

Vertical and horizontal scanning fix- 
tures are often designed to provide 
rotation of the part, and controlled 
movement of the coil and quench 
arrangement along the part. Such fix- 
tures normally have arrangements for 
surface hardening either the whole 
length or desired sections of the part. 
In one operation, differential pinion 
shafts are surface hardened continu- 
ously to a depth of 0.100 to 0.150 in. by 
dumping the shafts from tote pans into 


rotary 


a hopper from which they are fed 
mechanically into a vertical slide or 
tube and into the inductor block. The 


travel of the shafts is controlled by 
rollers or guides, above and below the 
block, that cause the parts to rotate at 
about 100 rpm as they pass through the 
inductor and spray-quench ring. The 
heating time is controlled automat- 
ically as the work passes through the 
inductor, so that the specified length of 


the shaft is heated for hardening. After 
hardening, the shafts drop onto an 
incline and roll to a platform from 


which they are picked up and packed 
into a basket for tempering 

For selective hardening, 
frequently heated in a 
which consists 


parts 
multiple coil, 
of two or more con- 
nected work coils. In such an arrange- 
ment one multiple-coil unit may be 
reloaded while a second unit goes 
through a hardening cycle. Upon com- 
pletion of the heating cycle, parts are 
dropped into the quench automatically 

Integration with Machine Tools, The 
automation of induction heating equip- 
ment is only the first step in combining 
automatic machining operations with 


are 
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automatic induction heat treating. The 
multispindle automatic screw machine, 
the rotating-dial type of fixture for 
multispindle machining, the modern 
process line or transfer line and the 
common conveyer all offer possibilities 
for including automatic induction 
heating 

Parts machined in stages on auto- 
matic machines can be hardened on 
the same equipment. After machining 
the surface to be hardened, the tooling 
is arranged to include an inductor on 
one station. It is preferable to use the 
inductor alone on this station, but it 
may be combined with machine tooling 
on adjacent areas if necessary 

Figure 7 shows a schematic drawing 
of the arrangement used for induction 
hardening of the bore of a part made 
on an automatic screw machine under 
a patented process 

Several automatic machine tools may 
have hardening operations powered by 
a single generator or source of power. 
The machining time on station is usu- 
ally several times the heating time. A 
typical cycle may be about 12 sec, 
which consists of 2-sec index time and 
10-sec machining time. The heating 
time for small parts is usually from 1 
to 3 sec. This allows ample time to 
stagger the heating cycles on several 
machines and thus use the power 
source more efficiently 

Automatic control equipment is in- 
terlocked electrically so that power is 
fed to only one inductor at a time, or 
to a predetermined number of induc- 
tors. As soon as the cycle for this group 
of inductors is completed, the power 
may be fed to the next set of inductors. 
This interferes in no way with the 
machining cycle 

The capacity of the power source is 
determined by the sum of the power 
required by the maximum number of 
inductors that may be connected at 
any one time. The inductor on each 
machine has its own timing circuit and 
interlocks; it is thus connected to the 
power source only when it is in position 
on the workpiece 

Special inductors are mounted on the 
tool slide but insulated electrically 
from it. The electrical insulation must 
withstand the action of the cutting 
fluid, which is also the quenching medi- 
um used in the machine. The design of 
inductors is about the same as would be 
used elsewhere. Heating of internal di- 
ameters usually requires a cylindrical 
inductor shaped to the contour of the 
bore if possible. The inductor is moved 
into and out of the part by action of 
the tool slide. A circular inductor may 
be used to surround the part if the part 
is short or the area to be hardened ts 
near the outer end of the part. This is 
the most efficient type. When the area 
to be hardened is at a considerable dis- 
tance from the end, a semicircular in- 
ductor is used, contoured to the shape 
of the part. This type of inductor is 
ordinarily mounted on a cross slide 
Plastic or ceramic insulators and non- 
ferrous metals should be used to mini- 
mize loss of power 

The source of power should be 
located as near the machine as pos- 
sible. This may be accomplished by 
grouping the machines around the 
power source or by mounting the power 
source above or below the machines on 
a different floor level 

Conductor leads, from power source 
to machine, are of the usual design. 
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Coaxial tubing is ideal for high fre- 
quencies (450,000 cycles), although 
copper bus bars may be used if spaced 
closely, flat and parallel. These must be 
guarded to protect personnel and 
shielded to prevent radiation inter- 
ference. The coaxial tubing eliminates 
all radiation problems. Low-frequency 
power (9600 cycles or less) may be dis- 
tributed by heavy, insulated copper 
cables, instead of bus bars or coaxial 
cable, if more convenient. 

To connect the power leads to the 
inductor a transformer should be 
mounted as close to the inductor as 
possible. It should be constructed of 
materials that withstand the cutting 
lubricant, Insulation that resists both 
oil and water should be used through- 
out. The inductor and all transformer 
output leads should be water-cooled. 
Where design permits, the center tap 
of the transformer secondary should 
be grounded to reduce the voltage from 
the inductor to the ground. 


Fig. 7. Integration of Induction 
Hardening with Automatic Screw 
Machine 


Quenching Arrangements. For most 
induction hardening applications water 
or oil is specified as the quenching 
medium. Brine and air (self-quench) 
are used occasionally. Since water pro- 
vides greatest ease in handling, mini- 
mum installation of equipment and 
maintenance, and greatest safety, it is 
used unless metallurgical considera- 
tions indicate the necessity for one of 
the other quenching mediums 

A water spray applied through a 
separate quench ring or from hollow 
inductors of the type shown in Pig. 3 
has been used successfully in most ap- 
plications involving plain carbon and 
low-alloy constructional steels; oil is 
specified for steels of higher harden- 
ability and parts with nonuniform 
sections where difficulty with cracking 
and distortion is anticipated. Quench- 
ing in water or oil may also be by 
submersion in an agitated bath or by 
a combination of a spray quench ring 
and submersion in a tank on comple- 
tion of the heating cycle. Submersion 
in a brine tank may be specified for 
steels of very low hardenability to pre- 
vent occurrence of soft spots on the 
surface of the hardened part 

An air quench is frequently used with 
success to harden small areas of alloy 
steels selectively heated by induction 
In such an air quench, the rate of 
cooling achieved by loss of heat to the 
surroundings and to the adjoining cold 
metal is sufficient to harden the heated 
area. An air quench may require com- 
pressed air applied through quench 
rings as with water or oil 

Quench water systems are usually 
separate from the cooling water sup- 
ply for the induction heating unit, 
because it is desirable to have a wider 
range of temperature control and vari- 


able pressure control for different 
quenching arrangements. Public water 
supplies and deep wells or, if necessary, 
water recirculating systems with cool- 
ing towers are usually satisfactory. Re- 
circulating systems consist of storage 
tanks, pumps and heat exchangers with 
adjustable control and are frequently 
protected with alarms and cutoffs for 
regulating pressure, temperature and 
flow. Pressures in water quenching vary 
from 30 to 85 psi; temperatures vary 
from 60 to 105 F 

Oil quenching systems likewise con- 
sist of storage tanks, pumps and heat 
exchangers for heating and cooling, 
with adjustable automatic control. Oil 
quench pressures vary from 30 to 90 
psi; oil temperatures vary from 80 to 
150 F, and the volume is designed for 
ample flow and agitation without 
foaming at the point of quench. Either 
propeller-type agitators or  high- 
pressure flow from the oil supply will 
improve the efficiency of quenching. 
Ventilation is recommended for the 
removal of fumes, vapors and heat. The 
vaporized oil from a spray quench and 
from the immersion of large heated 
parts in oil creates a fire hazard; fire 
control systems that use carbon dioxide 
are recommended for combating flash 
fires. The hazard of fire can be reduced 
by the introduction of nitrogen around 
the part at the point of quenching 

Parts can be induction scanned and 
spray oil quenched without the use of 
nitrogen to counteract fire hazards, 
provided complete quenching is accom- 
plished without vaporization of the oil. 
The limitations of this process vary 
with speed of scanning, amount of 
heat that must be removed from the 
heated part, oil pressure at the quench 
ring, angle of spray and the amount of 
oil flowing from the quench ring. In all 
instances, a heavy cascading flow of 
oil must completely cover the heated 
portion immediately below the inductor 
until the temperature of the quenched 
part is below the vaporization tempera- 
ture of the quenching medium 

Arrangements for quenching in 
water or oil are generally integrated 
with the fixtures and handling equip- 
ment. In equipment for scanning, the 
quench ring and work coil or inductor 
move as a unit along the part. Obvi- 
ously the distance between the coil and 
the quench ring determines the delay 
between heating and quenching and 
must be controlled. Where spray 
quenching is achieved through the in- 
ductor, the angle of spray is 30 to 50 
deg away from the heated area, strik- 
ine the piece to give full coverage 
without excess splashing and foaming. 
In hand-operated and semi-automatic 
fixtures, upon completion of the heat- 
ing cycle the piece is quenched in a 
tank, either by hand or by automatic 
trip timed with the heating cycle 


Control Accessories 


Charts or graphs, representing the 
relationship between depth of harden- 
ing and heating time for various power 
densities and for various steels, can 
often be used to obtain a reasonably 
accurate estimate of the required cycle. 
Other estimates can be made from 
results for similar parts or by careful 
observation of the part itself as it is 
heating. However, the final hardening 
cycle is generally determined by experi- 
mentation 
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After a part has been hardened with 
one experimental arrangement, it is 
checked for hardness and examined for 
cracks. It is then sectioned with a 
rubber-bonded cutoff wheel, checked 
accurately for specified hardness at a 
given depth and prepared for a thor- 
ough examination of the microstruc- 
ture Should hardness hardened 
depth or microstructure fail to meet 
desired standards, or if cracks are 
found, the cycle is adjusted accordingly 
and the process repeated until satis- 
factory results are obtained 

This procedure may be facilitated 
considerably with the aid of a high- 
speed recorder-controller and a ther- 
mocouple or special radiation devices 
available commercially. These units are 
designed to provide a minimum of 
inertia in response, and therefore to 
record and control with suitable accu- 
racy the temperature at the surface of 
parts heated at normal speeds 

Once the hardening cycle has been 
determined, production control of the 
process is achieved by repetition of the 
experimental cycle automatically, with 
respect to heating time or temperature, 
power density, delay between heating 
and quenching, and the quenching 
cycle. In addition, parts are checked 
periodically by metallurgical examina- 
tion for structure, case depth and 
hardness. The paragraphs under the 
four headings that follow include de- 
scriptions of equipment required to 
control each of these variables in a 
way that will insure depth of harden- 
ing accurate to within +10% and suit- 
able structure and hardness in a 
medium-carbon steel 

Heating Time. For parts heated in a 
fixed position relative to the inductor, 
a heating time of 10 sec or less should 
be controlled to within *0.1 sec. For 
heating times greater than 10 sec but 
less than 60 sec, this control should be 
within +0.2 sec, and for heating times 
of 60 sec or more, within “1.0 sec 

A multiple-circuit timer of the syn- 
chronous motor-driven type, properly 
cperated and maintained, will control 
the induction hardening process within 
the limits mentioned. A timer that is 
easily adjusted should be selected if the 
equipment is used for a variety of parts. 
For equipment requiring infrequent 
changes of time cycle a drum type of 
timer will serve as well 

For scanning operations the rate of 
travel of the part relative to the in- 
ductor should be controlled within 
“1%. Electronic motor controls will 
effect tolerances within *1% even 
though line voltages vary by *5°. Oil 
hydraulic drives are reliable after the 
oil has warmed up to operating tem- 
perature, and a number of good vari- 
able-speed transmission drives are 
available 

Power Density. Uniform heating 
from part to part can be obtained only 
if the power density and the heating 
time are controlled carefully. For a 
given part, power density will be 
affected by the electrical characteris- 
tics of the high-frequency converter, 
line voltage variation, variation in 
coupling, and symmetry of the part 

A uniform density of power may be 
achieved with automatic voltage regu- 
lation of the source of power for the 
induction heating unit With short 
heating cycles or large voltage fluctu- 
ations (*5%), greater uniformity of 
results justifies the cost of automatic 


voltage regulators. When it is intended 
to cut one or more loads in and out of 
the circuit while heating others, auto- 
matic voltage regulation should always 
be used. In such an application it is 
necessary to keep the load well bal- 
anced in order to get uniform results 
Rotating and electronic voltage regu- 
lators are available that will control 
the line voltage within *1% 

To secure consistent results constant 
coupling is necessary in induction 
hardening. For a given part and coil, 
the coupling will be determined pri- 
marily by the ability of the fixture to 
position the part consistently to pro- 
vide a constant air gap between the 
coil and the part. Some variation in 
coupling can be tolerated when the in- 
ductor completely surrounds the work- 
piece by one or more turns. For face 
heating with a pancake-type coil or 
modifications thereof, the coupling is 
critical, and should be maintained 
within 1/64 in. if a highly restricted 
hardness pattern is required 

If the part to be hardened is of 
irregular size and shape, uneven heat- 
ing will result because of nonuniform 
power density. While many of these 
parts can be hardened successfully, it 
is very difficult and often impossible 
to maintain a hardened depth within 

Delay Time. The delay 
single-shot operations is the 
between the time when the power is 
turned off and the time when the 
quenching medium contacts the work- 
piece. The delay is controlled easily by 
using an additional circuit of the same 
timer that controls the heating cycle 
However, in the arrangement of quench 
lines and manifold, variation should be 
avoided in the time lapse between the 
opening of the quench valve and the 
striking of the quench medium on the 
part. When the volume of the quench 
is small, solenoid-operated valves work 
satisfactorily, but when quench lines 
are larger than 3 in. particular care 
should be taken to select a quench 
valve that will open and close quickly 
and that will be trouble-free and uni- 
form in operation 

For scanning operations the delay 
time is a function of the rate of travel 
and the distance between the inductor 
and the point where the quenching 
medium makes contact with the part 
Here again the equipment used to reg- 
ulate the rate of travel for heating is 
accurate enough for reproducing the 
delay time 

Quenching Cycle. Successful contro) 
of the quenching cycle involves accu- 
rate control of the quenching time, the 
temperature of the quenching medium 
and, in spray quenching, the quenching 
pressure, velocity and direction. The 
quenching pressure should be meas- 
ured as close to the discharge orifice as 
possible, and a standard dial type of 
pressure gage may be used for this 
purpose. A standard valve may be em- 
ployed to regulate the pressure of the 
quenching medium 

One circuit of a multiple timer used 
to control the heat cycle will generally 
control the quench cycle with sufficient 
accuracy. Eome industrial plants uti- 
lize the residual heat in the part ‘not 
quenching the part to the temperature 
of the quenching medium) to make 
subsequent tempering unnecessary 
This practice requires careful control of 
quenching time for uniform results 
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interval 


Maintenance of Equipment 


Induction hardening equipment is 
expensive and generally it is impossible 
to provide standby equipment. A pre- 
ventive maintenance program is there- 
fore imperative, and availability of 
certain critical parts for ready replace- 
ment is highly desirable. Since induc- 
tion hardening equipment seems com- 
plex to the average mechanic, a special 
training program and permanently 
assigned personne! will reduce the cost 
of maintenance 

Dust, dirt, moisture and high ambi- 
ent temperatures are the primary 
causes for failure in electrical equip- 
ment, and one or all of these condi- 
tions are usually present in industrial 
locations where induction heating units 
are installed. In addition, cooling with 
air or water is necessary for almost all 
induction heating units, and some 
problems develop in regard to suitable 
water-cooling systems 

The volume, pressure and tempera- 
ture of water supplied for the cooling 
of tube, spark-gap or motor-generator 
units should be controlled within cer- 
tain limits. Meters or gages are used to 
indicate these limits, and high and 
low-pressure switches, flow switches, 
and temperature-controlled switches 
act to stop operation of the induction 
heating unit if the preset limits are 
exceeded 

Often water from public supplies or 
deep wells may be used directly with a 
storage tank to stabilize the tempera- 
ture. However, where water conserva- 
tion is important or control of water 
temperature is necessary to avoid con- 
densation of water, recirculating sys- 
tems with cooling towers are used. The 
water-cooling system should have ade- 
quate volume to give uniform control 
of both heating and cooling and may 
be supplied with filters to remove 
metallic particles and sludge. Where 
water hardness exceeds 10 to 12 grains 
per gal, the water must be treated by 
water-softening chemicals or water- 
softening equipment 

Salt or acid additives that decrease 
the electrical resistance of the water 
should be avoided. Some manufactur- 
ers of tube units specify the use of dis- 
tilled cooling water to provide a mini- 
mum resistivity of 5,000 to 10,000 ohm- 
cm. This standard can be met by a 
commercial grade of double-distilled 
water. Under such circumstances, it is 
advisable to install a_ recirculating 
distilled water system 

For equipment that is air-cooled, 
building air is normally satisfactory. In 
locations where air temperatures ex- 
ceed 100 F at certain seasons of the 
year, it is necessary to provide cooling 
equipment, usually by piping air from 
a cooler location through a bank of 
filters 

Maintenance of Motor - Generator 
Equipment. The following specific items 
should receive periodic attention to 
assure continuous operation with mini- 
mum cost 

1 Clean or change air filters periodically 


to maintain sufficient cool, clean air 


for air-cooled generators 


2 Inepect for accumulation of dirt on 
windings and in air gap of motor 
generator unite installed in dirty loca- 
tions, and arrange for periodic clean- 
ing to forestall breakdown of insula- 
tion 

3 Check insulation resistance of motor 


and generator 


windings periodically 
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4 Check air gap periodically to deter- 
mine wear of bearings in units with 
sleeve bearings 

6 Oil or grease bearings periodically; 
always follow manufacturer's recom- 
mendations exactly as to method and 
grade of lubricant 

6 Maintain recommended volume and 
temperature of water through water- 
cooled generators, capacitors, trans- 
former windings and inductors 

7 Clean or replace timer, relay and line 
contactor contacts periodically 

8 Clean capacitor bushings and inspect 
for water leaks. 

9 Automatic timing devices of the me- 


chanical type are made up of many 
small moving parts that should be 
kept clean and oiled sparingly. 


Maintenance of Tube and Spark-Gap 
Equipment requires preventive meas- 
ures as follow: 


Clean or change air filters periodically 
to insure that sufficient cool, clean air 
is available for air-cooled oscillator 
tubes, rectifiers or spark gaps 
Maintain recommended volume and 
temperature of water through water- 
cooled oscillator tubes or spark gaps 
Clean capacitor bushings and other 
high-voltage insulators and terminals 
to prevent arc-over 

Inspect for water leaks 

To avoid condensation, which can be- 
come a problem, cooling water should 
be recirculated through a heat ex- 
changer and water temperature should 
be maintained above dew point 
Clean or replace timer, relay and line 
contactor contacts periodically 
Maintain spark-gap spacing regularly 
according to manufacturer's recom- 
mendation 
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General, Inductors that are changed 
often for various applications should 
have the contact surfaces cleaned fre- 
quently. Also, the slot between trans- 
mission leads must be kept free from 
scale or metallic deposits to prevent 
arcing that eventually would burn a 
hole in the inductor 

Where quenching is by spray, the 
plugging of quench orifices with for- 
eign material can cause soft spots in 
the quenched object. Adequate filter- 
ing and frequent inspection can pre- 
vent this difficulty 


Selection and Control of 
Material 


The heating and quenching opera- 
tions in induction hardening are con- 
cerned with the formation and de- 
composition of austenite in the same 
general way as are other hardening 
methods, However, induction heating 
differs from other heat treating in two 
important respects: (1) it heats the 
metal very rapidly and (2) it usually 
involves zero holding time at the hard- 
ening temperature. These factors pro- 
vide a minimum of time for metal- 
lurgical reactions and have a significant 
influence on the selection of steel, prior 
microstructure, and hardening or aus- 
tenitizing temperature 

Short austenitizing times may also 
have a significant influence on the 
hardness, structure, residual stress pat- 
tern and distortion 

Selection of Steel for Induction 
Hardening. Medium-carbon steels are 
generally specified for induction sur- 
face hardening; the most common by 
far are 1045 and 1050. These grades, 
which can be induction hardened 
readily to minimum hardnesses of 
Rockwell C 58 and 60, respectively, are 
less susceptible to cracking than steels 
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of higher carbon content. Also, they 
can be water-quenched, have a desir- 
able combination of properties in the 
unhardened core, and are relatively in- 
expensive. These two grades of steel 
should be among the first studied in 
the selection of a steel for surface 
hardening 

However, all ferrous metals contain- 
ing enough combined carbon can be 
induction hardened successfully. Some 
suitable materials are given in Table V 
The list given should be considered in- 
dicative rather than _ all-inclusive 
Available free-machining grades and 
alloy grades with equivalent carbon 
contents are often specified. 


Table V. Recommended Induction 
Hardening Temperatures and 
Minimum Surface Hardnesses 

for Various Metals’ 
Hardening Re 
Metal Temp, Quench Min‘») 
deg Fahr 


Carbon and Alloy Steels 


030% C 1650 to 1700 Water 50 
0.35 1650 Water 52 
0.40 1600 to 1650 Water 55 
0.45 1600 to 1650 Water 58 
. 1600 Water 60 
060 . 1550 to 1600 Water or Oi! 64 or 62 
060 . 1500 to 1550 Water or Oil 64 or 62 
Cast lrons'’ 

Gray Iron 1600 to 1700 Water 45 

Pearlitic 

Malleable 1600 to 1700 Water 48 

Nodular 1650 to 1700 Water 50 

Stainless Steel: 
Type 420 2000to2100 Oilor Air 50 


(a) Metals listed in this tabulation are 
typical of those successfully induction 
hardened and the listing is indicative 
rather than inclusive 

(b) Minimum surface hardness, Rock- 
well C. See Fig. 11 for hardnesses possible 
and ordinarily obtainable with water 
quenched steels of all carbon contents 

(c) Free-machining and alloy grades 
with equivalent carbon contents may be 
induction hardened. Alloy steels contain- 
ing carbide-forming elements (chromium, 
molybdenum vanadium or tungsten) 
should be heated 100 to 200 F above the 
temperatures indicated 

(d) Combined carbon should be 0.40 to 
0.50% min; hardness will vary with amount 
of combined carbon present 

(e) Other martensitic grades of stainless 
steel, types 410, 416 and 440, have been in- 
duction hardened 


When induction surface hardening 
replaces case hardening by carburizing, 
a change to a higher-carbon steel is 
usually imperative to attain suitable 
surface hardness. Furthermore, plain 
carbon steels frequently replace alloy 
steels, since hardenability is not a 
problem in surface hardening to nor- 
mal depths by induction. Attention 
should be given to any change caused 
in core properties by the change in 
steel 

Two examples illustrate changes in 
steel to allow successful induction 
hardening: 


1 Pins used in the track assemblies for 
crawler tractors were previously made 
of 1018 steel and case hardened by 
carburizing; these pins are now made 
of 1049 steel surface hardened by in- 
duction with a substantial reduction 
in the cost of processing as well as an 
improvement in the quality of the 
heat treated product 
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Final drive gears for large tractors 
were formerly made from 2345 steel, 
permitting an oil quench to minimize 


distortion. However, even this mild 
quench was not slow enough to elimi- 
nate the distortion problem. Conse- 
quently the hardened gears were 
tempered to a compromise hardness of 
Rockwell C 40 and finish machined to 
required dimensional tolerances a 
sequence of operations that increased 
the cost considerably A change to 
1043 steel, induction hardened selec- 
tively and tempered to Rockwell C 50 
to 55 after finish machining, resulted 
not only in substantial reductions in 
the costs of steel and processing but 
in improvement in wear resistance be- 
cause of the higher hardness, and in 
greater fatigue resistance produced by 
resultant compressive stresses at the 
surface of the treated steel 


Where parts must be machined ex- 
tensively before induction hardening, 
the free-machining grades C1137 and 
C1144 are frequently specified 

Alloy steels of medium carbon content 
may also be hardened by induction 
heating and are required if high core 
properties are specified in relatively 
large sections to be surface hardened or 
when through hardening is required 
The procedure for selection of these al- 
loy steels is similar to that given in the 
1954 Supplement to the Metals Hand- 
book, in the article on pages 1 to 20-F, 
since selection is based on hardenability 
criteria 

Steels such as 4145, 4150, 5145, 5160, 
6145 and 6150, which contain carbide- 
forming elements (Cr, Mo and YV), 
behave sluggishly and require either 
higher hardening temperatures or 
longer heating cycles to achieve solu- 
tion of carbide and the normal effects 
of the alloying elements. Steels con- 
taining smaller amounts of carbide- 
forming elements, such as 8645 or 8650 
are often surface hardened with minor 
adjustments in the induction hardening 
cycle, while steels, such as 2345, contain- 
ing noncarbide-forming elements, are 
induction hardened with the same ease 
as plain carbon steels. Provided suitable 
hardness is obtained, the presence of 
considerable amounts of undissolved 
carbides appears to have no detrimental 
effect 

Cast Irons may vary significantly in 
combined carbon content, and results 
from induction hardening are non- 
uniform unless control is established 
over the combined carbon content. A 
minimum combined carbon content of 
0.40 to 050% C (as pearlite) is recom- 
mended for gray iron castings to be 
hardened by induction. Heating cast- 
ings with lower combined carbon con- 
tent to high hardening temperatures 
for relatively long periods of time may 
dissolve some free graphite, but such a 
procedure may coarsen the grain struc- 
ture at the surface and results in larger 
amounts of retained austenite in the 
surface layers 


Selection of Prior Structure 


The microstructure of the steel be- 
fore induction hardening is important 
in selecting the heating cycle to be 
used. Steels most readily hardened 
have carbides that are small and uni- 
formly dispersed, as obtained by 
quenching and tempering. Such struc- 
tures are readily austenitized. Accord 
ingly, minimum case depths can be 
developed with maximum = surface 
hardness while using very rapid rates 
of heating 

Pearlite-ferrite structures, typical of 
normalized, hot rolled and annealed 
steels containing 0.40 to 050% C, also 
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respond successfully to induction hard- 
ening. Much of the steel that is induc- 
tion hardened has such structures. The 
actual distribution and size of the fer- 
rite and carbide in these structures 
varies considerably; the pearlite be- 
comes coarser and the ferrite more 
massive as the cooling rate is de- 
creased. Likewise a decrease in carbon 
content increases the amount of fer- 
rite. Thus it becomes more difficult to 
obtain homogeneous austenite before 
quenching annealed steels unless high- 
er austenitizing temperatures or longer 
heating times are used. With either al- 
ternative, greater case depths are to be 
expected 

Figure 8 shows the effect of prior 
microstructure on the response of a 
1050 steel to induction hardening. The 
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Fig. 8. Effect of Prior Microstruc- 
ture on Response of 1050 Steel to 
Induction Hardening. Curves show 
minimum austenitizing for full sur- 
face hardness after quenching from 
the temperatures indicated. (D. L. 
Martin and M. C. Van Note) 


data shown represent the time and 
temperature required when heating for 
hardening to achieve maximum hard- 
ness in the steel after quenching: (1) 
for a furnace-cooled structure contain- 
ing a considerable amount of free fer- 
rite and coarse pearlite, and (2) for a 
quenched and tempered structure con- 
taining a fine and uniform dispersion 
of carbide in ferrite (tempered at 930 
F). The tempered martensite structure 
responds more readily, but an increase 
in austenitizing temperature provides 
suitable response in the furnace cooled 
structure also 

Steels containing more than 050% C 
are frequently spheroidized for im- 
proved machinability. Such spheroid- 
ized structures have the poorest re- 
sponse to induction hardening; the 
larger the carbide particles, the poorer 
the response. Coarsely spheroidized 
structures may require hardening tem- 
peratures 300 F or more above the 
transformation temperature to redis- 
solve the carbide and obtain uniform 
hardening results. Such high tempera- 
tures at the surface may lead to coarse 
austenitic grain size, coarse martensitic 
structures and significant quantities of 
retained austenite, which may be detri- 
mental to fatigue resistance and may 
promote galling or seizing 

When a coarsely spheroidized struc- 
ture is encountered in production, parts 
may be run through the hardening cycle 
twice to achieve maximum surface 
hardness at a sacrifice of production 
time and minimum distortion. Figures 
9ia) and (b) are micrographs of the 
prior structures for kingpins made of 
1050 steel. Showing a fine pearlitic struc- 
ture typical of normalizing, the steel 
in Fig. 9(a) had excellent response to 


hardening. The steel in Pig. 9(b), show- 
ing a spheroidized structure, was run 
through the hardening cycle twice to 
provide satisfactory results rather than 
to increase the surface temperature 


Selection of Hardening 
Temperature 


Table V gives recommended harden- 
ing temperatures for a number of steels 
commonly hardened by induction. For 
plain carbon steels and steels contain- 
ing noncarbide-forming alloying ele- 
ments, exhibiting a suitable prior struc- 


ture, temperatures 50 F higher than 
those used in furnace hardening are 
Suitable, as indicated This higher 


temperature compensates for the very 
short heating times 

When carbide-forming elements (Cr, 
Mo, V, W) are present in construc- 
tional steels, it may be necessary to 
raise the hardening temperatures 100 to 
200 F above those shown in Table V 
for equivalent carbon contents. The 
exact increase in temperature depends 
on the length of the heating cycle, the 
specific alloying elements present, the 
specific effects desired from the alloy- 
ing elements, and the surface hardness 
required. These higher temperatures at 
the surface are used to obtain adequate 
solution of the carbon and alloying ele- 
ments in the austenite with very short 
heating cycles. As the heating cycle is 
lengthened to produce deep cases or 
through heating, hardening tempera- 
tures should approach those given in 
the table. 

With the usual induction hardening 
cycles, the hardening temperatures 
given in Table V will produce a fine 
austenitic grain size. This also applies 
to steels that contain carbide-forming 
elements heated 100 to 200 F higher to 
provide alloy solution, since the alloy 
carbides inhibit austenitic grain growth 
as long as they remain undissolved 
With longer heating cycles, there is 
danger of grain coarsening if the tem- 
perature is not reduced. Figure 10 
illustrates the influence of temperature 
and time on austenitic grain growth in 
a 1050 and a 6150 steel. An ASTM or 
fracture grain size of 6 or finer is 
specified for most parts hardened by 
induction heating 

In addition to 
excessive hardening 
induction heating 


grain coarsening 
temperatures in 
may result in pro- 
nounced distortion and cracking. If 
specifications call for close limits of 
case depth and hardness pattern, over- 
heating may also cause failure to meet 
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Fig. 10. Influence of Induction 

Hardening Temperature and Time 

on Austenitic Grain Size in 1050 
and 6150 Steels 


Max Hardne brainable 


Expected with Furnace Hardening 


Ol Ls A é 


Percentage Carbon 


Fig. 11. Relation Between Hardness 
and Carbon Content of Water 
Quenched Steels. Upper two curves 
jor induction heated steels, bottom 
curve for furnace heating (R. H. 
Lauderdale) 


specifications, actual 
ing of thin sections, or possibly hard- 
ening into a critical area where 
machining or drilling is yet to be done 
With pronounced overheating and long 
heating cycles, surface scaling may 
be encountered 


through-harden- 


Control of Surface Hardness 


Table V presents minimum values for 
surface hardness frequently specified in 
commercial induction hardening. The 
minimum values are given to avoid 
needlessly close hardness specifications 
and correspondingly close control and 
high cost. Considerable variation in 
the hardness of the cast irons may be 
expected because of a variation in the 
combined carbon content 

As shown in Fig. 11, the hardness 
obtained on a given part may be sev- 


(a) Readily 


Hardened 


(+) Unsatisfactory Response 


Fig. 9. Effect of Prior Microstructure on Hardening of 1050 Steel. + 500 
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eral points Rockwell C higher than the 
minimum values recommended in 
Table V. It is also apparent from Pig. 
11 that the maximum hardness ob- 
tained in surface hardening by induc- 
tion is usually higher than that 
obtained by hardening the same steel 
from a furnace. This higher hardness 
is most pronounced with the short 
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A is for a 1%-in. diam spindle, pro- 
gressively hardened, 400 kc, 3O kw, 
1045 steel, water spray quench 
B corresponds to Fig. 14(a). 10 ke, 16 
kw per sq in., 2-sec heating time; 5140 
steel 
C corresponds to ae 13(b). 10 ke, 10 
kw per sq in., 5-sec heating time; 5140 


stee 
D is for pearlitic malleable iron. 10 ke, 
75 kw per aq in., 1'y-sec heating time, 
water spray quench 


Fig. 12. Depth-Hardness Curves for 
Some Parts Surface Hardened 
by Induction 


heating cycles characteristic of parts 
that are surface hardened and disap- 
pears in parts through hardened or sur- 
face hardened to produce a deep case. 

Low hardness at the surface after 
induction hardening may be the result 
of a number of factors. A few contrib- 
uting factors are listed below: 


1 Lower carbon content than specified, 
possibly as a result of surface de- 
carburization befere induction hard- 
ening. The usual! induction hardening 
operations do not cause measurable 
decarburization because of the short 
time of heating 

Inadequate heating temperature or 
time, or both. Inadequate solution of 
carbon in the austenite before quench- 
ing will result in low hardness. Steels 
with unsuitable prior structures and 
alloy steels containing carbide-forming 
elements are most susceptible to low 
hardness from this source. Nonuni- 
form performance of the induction 
heating unit and timer may also 
cause difficulty. 

Unsatisfactory quenching conditions 
Hot water or cold oil may result in 
low or spotty hardness, as will low 


0,035-In. Case 
0.190 In. per Sec 


0.062-In. Case 
0.125 In. per Sec 


pressures of either water or oil. 
Orifices in the quenching equipment 
that are plugged because of inade- 
quate filtering may cause the same 
conditions. 


Control of Case Depth 
and Contour 


Hardness patterns on induction hard- 
ened parts are normally revealed by 
sectioning the piece with an abrasive 
wheel under water, rough grinding on 
a belt, polishing on fine emery paper, 
and then etching with a 2 or 5% nital 
solution until the pattern develops. The 
case depth is frequently reported as 
the depth from the surface at which 
the hardness drops below Rockwell C 
50, although in initial studies for a 
given part, complete depth-hardness 
curves and microscopic analysis of the 
fully hardened and transition zones of 
the case are recommended. Figures 12 
and 13 show depth-hardness curves 
and macroscopic analyses for parts 
hardened by induction. 

Basically, the depth of the hardened 
case obtained by induction heating fol- 
lowed by a suitable quench depends on 


Fig. 13. Macrographs Illustrating 
the Influence of Heating Time on 
Depth of Hardness and Hardness 
Contour for Normalized 5140 Steel. 
(Top) 10-ke frequency, 16 kw per 
sq in., 2 sec, 0.065 in. to 50% mar- 
tensite. (Bottom) 10-kc frequency, 
10 kw per sq in., 5 sec, 0.293 in. to 
50% martensite 


the frequency, the power density, the 
heating time and the steel. In addi- 
tion, the hardness pattern or contour 
depends on the shape of the part as 
related to coil design. The following 
illustrations may serve to relate these 
factors. (The influence and control of 


0.086-In. Case 
0.085 In. per Sec 


0.129-In. Case 
0.075 In. per Sec 0.070 In. per Sec 


each factor have already been dis- 
cussed in preceding sections.) 
Minimum depths of case are pro- 
duced by using high frequencies, short 
heating times as determined by high 
power densities, close coupling and 
efficient matching, and a quenched and 
tempered prior structure. This is illus- 
trated by a study of Table II. The data 
in column 3 of Table VI are presented 
as a guide to the minimum practicable 
depths of hardness possible at various 
frequencies, using high power density 
(15 kw per sq in. min) and an optimum 
prior structure and type of steel. In 


Table VI. Effect of Frequency on 
Depth of Case Hardness 


Theoretical 


Depths of Practical Depths 


Fre- Penetration of Case 
quency, (Approximate) Hardness, in 
cycles of Electrical Mini- Work- 
persec Energy,’ in. mum'‘' ing 
1,000 0.059 0.100 
3,000... . .0.035 0.060 0.150 to 0.200 
10,000 0.020 06.040 0.100 to 0.150 
120,000. . 0.006 0.030 
500,000 0.003 0.020 0.040 to 0.080 
1,000,000 0.002 0.010 
(a) Effective initial penetration (time 
0). (b) For high power densities (15 kw 


per sq in. min) and optimum prior struc- 
ture. (c) For medium power densities (5 
to 15 kw per sq in.) and steel in the as- 
rolled condition. 


practice, the depths of hardness asso- 
ciated with each frequency are gen- 
erally greater than the minimum 
shown, and column 4 of Table VI pre- 
sents a guide for the practicable work- 
ing depths of hardness using medium 
power densities (5 to 15 kw per sq in.) 
and steel in the as-rolled or as-forged 
condition. Greater case depths may be 
obtained at each frequency by increas- 
ing the time of heating and decreasing 
the power density 

With suitable prior structures, short 
heating times, and rapid quenching, 
the transition zone from case to core is 
generally sharp, as shown in Fig. 12 
and 13. However, the hardness gradient 
may vary considerably, as illustrated in 
Fig. 12; the transition zone from cerse 
to core increases with the duration of 
heating and with increasing coarseness 
of the ferrite-cementite aggregate in 
prior structures 

Minimum case depths are generally 
obtained by scanning. Figure 14 illus- 
trates the variation in case depth as 
well as the uniformity of case produced 
at various scanning rates using a con- 
stant inductor input of 15 kw, a fre- 
quency of 300,000 cycles and a water- 
spray quench. The bars of 1045 steel 


0.157-In. Case 


Fig. 14. Influence of Scanning Rate on Depth of Hardness in 1‘ in. Diam Bars of 1045 Steel. Frequency 300 kc, inductor 
input 15 kw. Case depth and scanning rate (in. per sec) shown above each macrograph 
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Fig. 15. Distortion of Hardness Pattern at Ends of Inductor 


for this example were of 1'-in. diam. 

Figures 15 and 16 illustrate the non- 
uniformity that may occur in the hard- 
ness pattern even in symmetrically dis- 
posed pieces. The pattern in Fig. 15 is 
associated with the greater inefficiency 
of the inductor at its ends as compared 
with the center. Often this pattern is 
not objectionable. However, if a uni- 
form depth of hardness is necessary 
within a specified length of shaft, a 
closely coupled coil with an increased 
air gap at the center (see Fig. 4) may 
change the pattern so that it is ap- 
proximately the same depth for the 
length of the inductor. 

Similar effects can be obtained in the 
use of a multi-turn coil by increasing 
the inside diameter of the center turns 
of the coil or increasing the spacing 
between turns at the center of the coil. 
The increased depth of case at the end 
of the spline shown in Fig. 16 is caused 
by overheating at the end as the coil 
passes. Since the heat loss to the cold 
section of the bar does not take place 
at the end, the input of energy is 
greater and the case deeper. If ob- 
jectionable, this condition may be 
minimized by accelerating the scanning 
rate at the end of the piece 

With some scanning controls it may 
be impossible to accelerate at specific 
locations. In such applications, the 
power may be reduced or cut off before 
objectionable overheating occurs. 

The shape of the part may also have 
a significant influence on the heat pat- 
tern. Parts with nonuniform cross sec- 


resulting from 


tion do not develop a uniform pattern, 
since edges and corners heat to a 
higher temperature. The effect of a 
change in cross section, illustrated in 
Fig. 17, is exaggerated at higher fre- 
quencies. Though changes in the design 
of inductor may compensate for the 
distortion caused in the heat pattern 
by small changes in shape, if a uni- 
form case depth is required, complex 
parts are difficult if not unsuitable for 
induction surface hardening 

Some variations of the heat patterns 
produced in nonuniform sections are 
shown by the macrographs of gears, a 
spline and a lead screw in Fig. 18; Fig. 
18(a) represents an attempt to provide 
“contour hardening” on gear teeth, 
that is, high hardness on the surface 
of the teeth and at the root, while 
maintaining a soft core in the tooth 
With a uniform heating time and a 
uniform metallurgical structure, higher 
frequencies accentuate contour harden- 
ing. Because of this fact, gears——par- 
ticularly larger gears—can be preheated 
using lower frequencies (60 or 10,000 
cycles), and then the heating can be 
completed with frequencies of 200,000 
to 500,000 cycles. Figure 18(b) shows 
the pattern produced on a transmission 
gear by preheating at 10,000 cycles and 
then heating at 210,000 cycles. Contour 
hardening of the root and tooth profile 
develops compressive prestress as well 
as hardness at the surface, thus pro- 
viding good resistance to fatigue and 
wear while the unhardened core im- 
parts toughness to the gear. 


Fig. 18. Variation in Hardness Patterns for Gear Teeth and Screw Threads 
10-ke preheating and 210-ke final heating, (c) 


spiral gear 


‘a) Contour hardening 
induction hardened belou 


Nonunijorm Hardness Pat- 
tern at End of Spline 


Fig. 16 


Fig. 17. Distortion of Hardness Pat- 
tern Caused by Variation in Size of 
Section 


In the hardening of gears, however, 
even frequencies of 500,000 cycles may 
fail to provide contour hardening of 
the teeth when the pitch is 5 or finer 
Under such conditions the hardness 
pattern extends through the tooth and 
below the root circle as shown in Pig. 
18 (c) for a spiral gear and 18(d) for 
a spline shaft. While such contours are 
suitable for many applications involv- 
ing improved wear with light loads, 
they are not recommended for heavy 
or shock loads 

A further modification of the hard- 
ness pattern on the teeth of a lead 
screw is shown in Fig. 18/e¢). In this 
instance the pattern extends across 
the tooth and below the pitch line, thus 
providing resistance to wear at the 
pitch line, but does not extend below 
the root. Such a pattern allows 
straightening after surface hardening 


us 


(b) partial contour 
root circle, 


(d) spline hardened below root circle, (e) lead screw induction hardened below pitch line but above root circle 
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to provide extreme precision, if re- 
quired 

In large gears or splines with a 
coarse pitch, unique hardness patterns 
are sometimes obtained not by con- 
trolling the heated contour but as a 
result of the combined influence of the 
hardenability of the steel and the 
severity of quench on the through 
heated gear teeth. 


Control Limits 


Needlessly close control can incur 
added costs in steel, equipment and 
labor. The necessity for such control 
can start when the engineer specifies 
hardness depths and patterns that may 
be satisfactory for the design and 
service of the hardened part but which 
place unnecessary or even impracti- 
cable limitations on the size and fre- 
quency of the equipment, the tooling, 
fixtures, and even the steel itself 

A hypothetical example of the in- 
fluence of close specifications on the 
choice of equipment and processing 
procedure might be a specification for 
a bearing surface on a l-in. diam axle 
for a hardened area 1.50 in. long, plus 
0.060 and minus 0, and 0.030 to 0.040 in. 
deep with a minimum surface hardness 
of Rockwell C 58. The induction hard- 
ening equipment required would be a 
50-kw, 500-ke converter; the fixture, if 
automatic, would have to position the 
work to within 0.030 in.; the steel 
should have prior heat treatment such 
as normalizing or quenching and tem- 
pering to respond to the short heating 
time required. If the service of the part 
would permit relaxing the specifica- 
tions to a hardened area 1.50 in. long, 
plus 0.120 and minus 0, and 0.040 to 
0.080 in., or even 0.100 to 0.150 in. deep, 
with surface hardness of Rockwell C 58 
min, alternate equipment for this ap- 
plication would be a 650-kw, 10-ke 
motor-generator unit. With either type 
of equipment the cost would be reduced 
considerably, since the steel could be 
induction hardened “as rolled”, thus 
eliminating the preliminary heat treat- 
ment, and the fixture would require 
positioning to only ©0,060 in. The oper- 
ation would require less setup time, 
would need less precision in adjust- 
ment, and would be easier to inspect 
and control 


Residual Stresses and Distortion 


Steel parts that have been surface 
hardened by induction generally exhibit 
less total distortion or more controlled 
distortion than parts quenched from 
a furnace. The decrease in distortion 
is a result of the support given by the 
rigid, unheated core metal, and of 
uniform, individual handling during 
heating and quenching. In scanning, 
distortion is controlled further by heat- 
ing and quenching only a narrow band 
of the steel at one time. Unless a part 


0.118 to 0.124 in 


through hardened by induction is 
scanned, the distortion encountered 
will approach that experienced in 
furnace hardening. 

Selective heating of the surface, fol- 
lowed by quenching, produces residual 
stresses in the part. The balance be- 
tween the kind of stresses developed 
may be somewhat complex, since they 
result from both rapid heating and 
subsequent quenching. However, this 
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Fig. 19. Residual Stress Distribu- 

tion in the Crankpin of an In- 

duction Hardened and Tempered 

Production Crankshaft (W. G. 
Johnson) 


balance normally provides compressive 
stresses at the surface, tension at the 
juncture of the case and core, and 
compression in the core. This is shown 
in Fig. 19 for an induction hardened 
and tempered crankpin of a crankshaft 
analyzed for residual stresses by the 
Sachs boring out method. The diameter 
of the crankpin was 2% in. and the 
length of the induction hardened 
surface 113/16 in. The steel was ap- 
proximately 1052 (135% Mn). Before 
induction hardening, the hardness of 
the surface was 345 Bhn, while that of 
the core was 230 Bhn. After induction 
hardening, the hardness at the surface 
was Rockwell C 62 while that of the 
core remained unchanged. Induction 
hardening was followed by tempering 
at 400 F for 2'» hr, which lowered the 
surface hardness to Rockwell C 57 
without changing the core hardness 

The stress distribution shown in Fig. 
19 is the result of localized plastic de- 
formation resulting from nonuniform 
thermal expansion during heating, and 
contraction during cooling; and from 
the increase in volume associated with 
the transformation of austenite to mar- 
tensite in the hardened layer. Con- 
sideration of these factors makes it 
apparent that the actual stress dis- 
tribution obtained depends on the 
time of heating, the depth of harden- 
ing, and the steel itself. 


0.076 0.090 


Fig. 20. (Right) Results of Fatigue Tests on Steering Knuckle Pivots Surface 
Hardened by Induction; (Above) Longitudinal Section with Typical Hardness 
Pattern and Case Depth at Critical Areas 
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Compressive residual stress at the 
surface of an induction hardened 
steering knuckle pivot had a favorable 
influence on fatigue resistance, as 
shown in Fig. 20. For this part, in- 
duction hardening to an equivalent 
case depth provided fatigue resistance 
superior to case hardening by car- 
burizing. Apparently, increased case 
depth further improved the fatigue 
resistance in this part. It is important 
to note, however, that high tensile 
stresses may exist at the juncture of 
case and core (Pig. 19). If the heat 
pattern brings the high-tensile zone 
to the surface in an area such as a 
fillet that is subject to repeated 
stresses, early fatigue failure may re- 
sult. In addition, fatigue failure may 
occur at the juncture of the case and 
core 

Those medium-carbon steels most 
commonly used in induction hardening 
(0.40 to 050% C) do not exhibit crack- 
ing or spalling of the case when 
quenched from hardening temperatures 
that provide a fine austenitic grain size. 
However, quench cracks have been ob- 
served in induction hardened steels of 
more than 0.80% C. Also spalling may 
occur at the ends of shafts hardened 
progressively. Such spalling may be 
traced to excessive temperatures at the 
end heated last, with consequently 
coarse austenitic grain size. 


Through Hardening by 
Induction 


The induction process 
of the same advantages 
hardening that it does for surface 
hardening. Some of these advantages 
are improved working conditions, sav- 
ing of labor, reduced floor space, prac- 
tical installation into the machine line, 
improved quality of the product, and 
adaptability to automation. One out- 
standing feature of through hardening 
by induction is adaptability to the 
scanning method, permitting heat 
treatment of bars, flats and other suit- 
able shapes in mill lengths 

Previous comments concerning selec- 
tion and control of equipment and steel 
provide a basis for through hardening 
by induction as well as for surface 
hardening by induction. Through hard- 
ening, however, requires a much 
larger source of power because of the 
greater volume of metal heated. Since 
large power installations decrease 
cost with decreasing frequency, it is 
generally advantageous to select the 
lowest frequency that will perform the 
operation efficiently (1 to 10 kc). Since 
it is desirable to minimize the tem- 
perature gradient in through-heated 
parts, the lower frequencies are a 
further advantage. However, with sec- 
tions smaller than 05-in. diam, fre- 
quencies of 300 to 500 kc are necessary 
for efficient heating (Table III). 
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™ trom tne engineering laboratories of CONSOLIDATED VACUUM CORPORATION 


Volume 


The module 


concept 


“Building blocks” give high- | 
vacuum furnaces flexihility. 


concept in the design of high-vacuum met- 


engineers are using the module 
allurgical furnaces. This involves the con- 
struction of a series of Component assem- 
blies which can be interworked to meet 
initial requirements as well as changing or 
expanding needs 

These ‘building blocks” solve one of the 
most important problems facing potential 
users of high-vacuum furnaces the fear of 
tying up capital in equipment for today's 
needs which might not meet the market 
demands a few years hence 

Presented with a module design like the 
one described here, buyers can plan their 
installations to 
while allowing for economical expansion to 
fill yreater or even different needs in the 
future 


meet present requirements 


The basic 
design block 


around whichall variations are 


made is the center chamber | 
section 

This basic portion of the furnace re- 


mains the same through all the variations 
provided by the different modules. The 
crucible-coil assembly is contained here 
Since these vary in Ca pat it depet ding on 
the nature of the application, the trunion 
supports of the center section are designed 
to accommodate the largest size. Thus, the 
user can increase the capacity of his melts 
simply by inst illing a larger crucible 


The pumping system is connected to this 


block through ports in the side of the 
chamber [here is room tor one, two, or 
three of these ports depending on the 
pumping capacity desired. If a user re 


one pump in his initial opera 
the other ports are blanked-off with 
steel plates which are easily cut out when 
idditional pumping is needed, 


quires onl 
tion 


he chamber 
cover 
contains the devices used in the 
control and inspection of the 


furnace contents. 


4 


The cover normally contains the alloy 
ing turret, bridge-breaking mechanism, a 


HIGH-VACUUM FURNACE DESIGN 


Number 2 


This installation imple 
ments all the basic modules 


sampler, and the opening of connections 
used for pyrometers and other instruments 
\ll are located within easy 
operator 


access of the 


The chief merit of all these assemblies is 
the fact that they are conveniently located 
lor easy 


maintenance, and such items as 


the alloy-turret, and sampler can be re 


moved for servicing or cleaning without 
disturbing the pressure within the chamber 
Valves and connections with the main 


pumping system make this possible 


Different 
chamber bottoms 


permu 
techniques. 


variation of casting 


lhere are four basi «ce for the 
furnace bottom: for casting gle mold 
per vacuum cycle, for multiple molds, for 
centrifugal casting, and for semi-contin 
uous operation. In addition to the flexibil 
ity of casting technique offered by inter 
change ible bottom the also facilitate 


cleaning of the chamber and simplify re 


pairs in the event of pill outs 

The buyer of one of these furnaces 
through a choice of different chamber bot 
toms can institute alternative casting 


methods as required 


discussed in the text. It is 
used for true semi-contin 
uous melting and casting 


A 
Center chamber section and 


tew 


vacuum pumping « 


a Cover with control and in 


epection devices 


[c] Chamber bottom with mul 


Kam 


from the floor, & 


tiple mold and interlock 


which emerges 


moving the mold up to pouring 


position 


(Charging interlock with 


pre-heating tnduction ool 


Interlocks 


easily convert batch operation 
to semi-continuous production 


Semi-continuous operation is provided 
by idding interlocks through which the 
crucible can be charged, the alloying elk 
ments altered of adju ted, and the ingots 
The yperator 
of these without breaking 
vacuum in the furnace 

Since interlocks are 
item vided to the 
is desired by 


or castings removed can 


scoomplish all 


these 
they 
bottom sections 
viding fli 


acceseuTy 


can be top ind 
initially pro 


to accommodate them 


Tremendous leeway in planning ‘or 


ture as well as present needs results from 
thi buildis in concept ol 
high vacuum furnace cde sign 

\nother great advantage 1 that dam 
wed or obsolete parts an be replaced with 
little down time, at small cost 

If you would like more detailed intor 


the 


uum furnace ce 


mation module concept in vac 


ign or information about 
iny phase of vacuum metallurgy, contact 
Consolidated Vacuum Corporation, Roches- 
fer 3, N.Y. (a subsidiary of Consolidated 
Engineering ¢ Pasadena, Cal 
Reprints of 
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ofporation 
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series are 
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formation memo ivailable 
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A.LS.I. Standard Alloy Steel Compositions © 


AAS.A. List Revised Openhearth and Electric Furnace Alloy Steels 


February, 1954 


(Bars, billets, blooms and slabs up to 200 sq.in., 18 in. wide or 10,000 lb.) 


AISI 
Numper (b/) Mn 


A181. 
NuMBER (b) 


1,60-1.90 


8 


E3310 (c) 
£3316 (c) 


S858 888 


AS Aas 


S055 565 $955 50 


cooo rrr oo cece 


SSSES SHSS SSS SESE SESES SESSES 


S888 SSB SSSR SSRRS SE SES 
oocc - 
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0.45-0.65 
0.60-0.80 
0.60-0.80 
0.65-0.85 


0.25-0.45 


we 


40 
90 
90 
80 
80 
90 
90 
80 
90 
BO 
BO 
90 
40 
70 
10 
10 


SSSSSSSRS8S5 SESS: 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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bots 


0.20-0.30 
0.15-0.25 
0.20-0.30 
0.20-0.30 
0.20-0.30 
0.20-0.30 
0.20-0.30 
0.20-0.30 
0.15-0.25 
0.20-0.30 
0.20-0.30 
0.20-0.30 
0.20-0.30 


38-043 
17-0.22 


10-0.15 
13-0.18 


8 Seen Sees 


333 a8 2 
ooo 
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tt 
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S88 38 SSSSESS SSSS S33 SESE SESESS SESSEE SESE SESSS SESE 


S833 8s 3383 R33 


oO 


TS8115 
TS8117 
TS8120 
TS8122 
TS8123 (d) 
TS8125 
TS8126 (d) 
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Nore (a) — All chemical ranges and limits are sub- 
ject to the standard variations for check analysis over 
or under specification 

Note (b)-—-Numbers with prefix E are generally 
made in basic electric furnaces and unless otherwise 
noted the following specifications hold: Phosphorus 
0.025% max., sulphur 0.025% max., silicon 0.20 to 0.35%. 

Numbers without letter prefix are ordinarily made 
in basic openhearth furnaces and unless otherwise noted 
the following specifications hold: Phosphorus 0.040% 
max., sulphur 0.040% max., silicon 0.20 to 0.35%. 

Specification limits for the acid electric and acid 
openhearth processes are Phosphorus 0.050% max., 
sulphur 0.050% max., silicon 0.15 to 0.35% 

In all processes the maximum allowable quantities 
of unspecified and incidental elements are as follows: 


0.35% copper, 0.25% nickel, 0.20% chromium and 0.06% 
molybdenum 

Numbers with prefix TS represent tentative stand- 
ards designed to conserve strategic alloys 

Note (c) — When this steel is made in openhearth 
furnaces the manganese is 0.40 to 0.60% 

Norte (d) — Resulphurized steels; sulphur is 0.035 to 
0.050% except in 8641 where it is 0.040 to 0.060%. 

Nore (e) — When this steel is made in electric fur- 
naces the manganese is 0.65 to 0.85%. 

Nore //) — Silicon is 0.25% max 

Note /g/ — Silico-manganese steels; silicon range is 
1.80 to 2.20% 

Note (/h)— This steel can be expected to have 
0.0005 min. boron. 
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A 1335 0.33-0.38 1.60-1.90 5140 0.38-0.43 
1340 0.38-0.43 1.60-1.90 5145 0.43-0.48 
2317 0.15-0.20 040-060 3.25-3.15 ........ 5150 0.48-0.53 
2515 130.17 _ 040-060 4.75-5.25 5152 0.48-0.55 
5160 0.55-0.65 
3120 110-140 0.55-0.75 ........ 
3140 E 52100 0.95-1.10 
6120 0.17 10 mil V 
6145 0.43 15 mil V 
TS84012 0.15-0.25 6150 0.48 15 mi Vv 
4023 0.20-0.30 
4024 (d) 0.20-0.30 0.13 0.08-0 5 
4027 020-030 0.15 0.08-0 
4032 020-030 0.20 0.08-0 
4037 0,20-0.30 os 
4053 020-030 0.2! 
TS 8615 0.13 
4118 0.08-0.15 8617 0.15 
4130 0.15-025 | 138617 0.15 
184130 0.08-0.15 8620 0.18 
| 184132 0.08-0.15 | 0.18-0.23 
4135 0.15-0.25 8622 0.20-0.25 
4137 0.15-0.25 | Ts 9622 0.20-0.25 
TS 4137 0.08-0.15 8625 0.23-0.28 
4140 0.15-0.25 | TS 8625 0.23-0.28 
TS4140 0.08-0.15 8627 0.25-0.30 
ce 4142 0.15-0.25 | TS8627 0.25-0.30 OMB-0.15 
784142 0.08-0.15 8630 0.28-0.33 OM -0.25 
4145 0.15-0.25 8635 0.33-0.38 OM -0.25 
64145 0.08-0.15 8637 0.35-0.40 OM -0.25 
rit 8640 0.38-0.43 OM -0.25 
8641 (d) 0.38-0.43 OM-0.25 
TS 4150 0.08-0.15 9642 28 
) 
4340” 020-030 | (h) 
E4340 0.43 8650 0.48-0.53 0.15-0.25 
8653 0.50-0.56 0.15-0.25 
4608 (f) 6-011 | ? 
8655 0.50-0.60 0.15-0.25 
4615 13-0 18 0.45-0.65 8660 0.55-0.65 0.15-0.25 
4617 15-0.20 0.45-0.65 1 — 
4620 17-0.22 045-065 1 8715 0.13-0.18 0.20-0.30 
- 8735 0.33-0.38 0.20-0.30 
4640 8740 0.38-0.43 0.20-0.30 
TS 4720 0.35-0.55 8742 0.40-0.45 0.20-0.30 
4812 8750 0.48-0.53 -0 0.20-0.30 
4817 3 9260 (g) 0.55-0.65 
5046 020-035 ........ E9310 0.08-0.13 3.00-3.50 1.00-1.40 0.08-0.15 
5117 E9314 0.11-0.17 3.00-3.50 1.00-1.40 0.08-0.15 
5120 9840 0.38-0.43 0.85-1.15 0.70-0.90 0.20-0.30 
5130 9845 0.43-0.48 0.85-1.15 0.70-0.90 0.20-0.30 
5132 9850 0.48-0.53 0.85-1.15 0.70-0.90 0.20-0.30 
4 


A-L HOT EXTRUSIONS (solid and hollow) 
may solve problems for you 


(Dept. MP-681) 


We have a parts problem that hot 
extrusions might solve. Let's see an AL 
representative for facts and figures 


() STAINLESS STEEL 

TOOL STEEL 

() HIGH TEMPERATURE STEEL 
| OTHER STEELS 


Name___ 


Company 


Where can these leading advantages of hot-extruded special alloy steels 
apply to your production? 

1. Hot extrusions require very little finishing before use, even in the 
case of involved shapes. The scrap loss is small and you can buy raw 
materials closer to finish size. You buy less high-cost steel, cut away less 
of it . . . save both in time and material cost 

2. The range of shapes, solid or hollow, which can be hot-extruded is 
almost infinite. They can be easily and quickly produced in any quantity, 
Dies for new or experimental parts cost little and can be made up fast. 

@ We're ready to serve your needs with hot extrusions in any grade of 
stainless or high temperature steel, many tool steel grades and other 
steels. Call us in to help. Allegheny Ludlum Steel Corporation, Oliver 
Building., Pittsburgh 22, Pennsylvania. 


Leading Producer-High Alloy Steels 


Allegheny Ludlum : 


weo — 
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“CERTAIN CURTAIN” 


World's Leading Controlled-Atmosphere Furnaces & Generators 


AYES offers you the finest itm ARDENING 


t for heat treati 
equipmen or ea reating TEMPERING 


‘i today’s complex metals. Hayes ex- 


perience represents the broadest i SINTERING 


knowledge for heat treatment with — a 7 AND 


controlled atmosphere. The Hayes ANNEALING 


plant includes a complete labora- 


COPPER 
tory where your samples may be i BRAZING 
processed. | AND 
SOLDERING 
BRIGHT 
EQUIPMENT AVAILABLE FOR: STAINLESS 
Anneali.g & Normalizing HEAT 
Brazing & Solderi < 
Corbe-sltriding Corberising TREATING 
Me Drawing & Tempering 
Enomeling 
Forging 
4 Giass Treating & Sealing 
—WITH 
Stainless Steel Bright Heat Treatment CORRECT 
ATMOSPHERE 


CATALOG BY REQUEST 


Occupied in September, 1954, this plant quadruples 
Hayes capacity for building “Certain Curtain” furnaces, 
and facilitates handling of large units. 


CUSTOMER LABORATORY 


C. |. Hayes’ contribution to 
American Industry 


C i HAYES 819 WELLINGTON AVE., CRANSTON (0, R. I. 
e Representatives in all Industrial Areas 
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Because of the great difference in 
heating rates, the choice of steel has 
considerably more influence on the effi- 
ciency of through heating by induction 
than on the efficiency of furnace heat- 
ing. At a rate of heating normal for 
some induction heating applications 
certain steels will not form homo- 
geneous austenite at the regular hard- 
ening temperature. These steels usually 
require heating to higher temperatures 
and thus result in fewer pounds of 
metal heated per kilowatt-hour of 
energy applied 

An example of through heating by 
induction is the integration of harden- 
ing and tempering inductors in the 
heat treating of mill lengths of bar 
stock. In this process the bar lengths 
are progressively moved by form rollers 
through an inductor coil and are 
sprayed with a high-pressure quench 
as they emerge from the coil. Contin- 
uing to advance on rollers, the bars 
pass through a tempering coil a short 
distance away. Twenty-foot bars of *. 
to 1%-in. diam that have been heat 
treated in this manner usually reveal 
less than 1 in. of distortion in their 
entire length. Bars of 1035 steel of %- 
in. diam can be induction hardened 
consistently to a center hardness of 
Rockwell C 48. Bars of TS14B35 steel 
of 1%-in. diam will harden by the 
same method to Rockwell C 48 at the 
center 

Figure 21 shows typical results of a 
Rockwell C hardness survey on a 
hardened cross section of 1%4-in. diam 
TS14B35 bar stock 


€ 

| 
Fee 

7 

4 3 4 S 

Fig. 21. Typical Hardness Survey on 
1\%-In. Diam Bar of TS14B35 Steel 


Through Hardened by Induction 


Flats and many other uniform shapes 
can also be through hardened by in- 
duction. Table VII contains data com- 
piled from actual installations of high- 
production items 


Cost Relations 


When considering cost relations, the 
applications of induction hardening 
may be placed in two categories: (1) 
where induction hardening provides a 
unique solution and cost is a secondary 
consideration; (2) where induction 
heating competes with other heat 
treating methods and cost is of para- 
mount interest. There are some parts 


for which induction hardening is 
neither suitable nor competitive in 
cost 

Many selective hardening applica- 


tions that require a restricted hardness 
pattern or a specified hardness gradient 


fall into the first category. A good 
illustration is the selective hardening 
of the inside edges of the claws of a 


claw hammer to avoid localized defor- 
mation, Fig. 22. In this instance, 
the primary consideration is for in- 
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Fig. 22. Hardness Patterns Uniquely 


Suited to 


Induction 


Hardening 


(Top) Highly restricted pattern on 


internal edges of claws for a clau 
Hardness gradi- 


hammer 


(Below) 


ent in 20-mm steel shot 


creased quality and service versus the 
cost of an extra operation, rather than 
competitive 
Localized induction hardening has been 
increasingly 


for the 


specified 
necessity 
chanical 


for 


cost of 


to 
compromises 
properties of 


avoid the 
in the me- 
given part 


methods 


The hardness gradient produced in 20- 


steel 
design 


mm 
coil 


shot, 
illustrates 


Fig 


22, 
another 


by proper 
unique 


application of induction hardening 


Irregularly 
be surface hardened to provide a uni- 
case depth are not suit- 
hardening 
complex 


form shallow 


able for 


shaped 


induction 
regardless of cost 

parts which require over-all hardening 
or through heat treatment to improve 
mechanical properties, and which lend 


parts that 


surface 
In addition 


must 


themselves to bulk or volume handling 


are 
methods 


A typical example where 


arms 
stance 


1045 


treated throughout to 240 to 286 
The part can be heated in a furnace 
to 1550 F for 45 min, water quenched 


Table VII. 


Section 
Size, in, 
1% (round) 
% (flat) 
7, (flat) 
(round) 
4 (round) 
(round) 


7 
1 


1% 


4 to 1 (irregular 


induction 
could not compete with other methods 
is in hardening a tractor steering arm 
that consists essentially of one or two 
joined 


generally better treated by other 


to a hub In this in- 
steel is required, heat 
Bhn 


and then tempered at 1025 F for 1 hr. 
Parts can be handled in batches, 
shoveled into the furnace, raked out 
into the quench and handled in bas- 
kets during tempering. In contrast, to 
heat this part uniformly by induction 
would require an inductor carefully 
constructed to bring the arms up to 
the same temperature as the hub. This 
would probably mean slow heating of 
one piece or a few pieces at a time 

In many instances induction harden- 
ing is competitive with other heat 
treating methods. The selection of in- 
duction hardening must then be justi- 
fied on the basis of less cost per piece, 
considering all factors. The article 
entitled “The Cost of Heat Treating” 
(page 128 in the 1954 Supplement of 
the ASM Handbook) may be used as a 
helpful guide in arriving at cost esti- 
mates. In developing cost estimates for 
comparison of other surface hardening 
methods with induction surface hard- 
ening, it is particularly important to 
recognize that a change in type of steel 
is involved and that this may alter 
significantly the cost of operations 
other than actual heat treatment 

In large production operations, where 
induction hardening is competitive, it 


has proved economical for straight 
shafts, external surfaces that require 
selective hardening, and spur gears 


However, other heat treating methods 
have proved more economical for bevel 
and helical gears. Where quantities are 
small, as in commercial heat treating, 
it is often difficult to justify the high 
initial costs of induction heating equip- 
ment and fixtures, and frequently in- 
duction hardening is used only when 
other heat treating methods would 
produce excessive distortion, scale or 
decarburization, or when special 
metallurgical or mechanical properties 
are required 


Induction Tempering 


In the past five or six years extensive 
production experience with thousands 
of tons of steel per month has demon- 
strated the commercial success of in- 
duction tempering for many applica- 
tions. Metallurgically, the success of in- 
duction tempering has been related 


fundamentally to the possibility of 
compensating for short tempering 
times with higher tempering tempera- 


tures. Economically, induction temper- 
ing has proved particularly adaptable 
to automation in production lines 

At present two principal areas of 
application exist for induction temper- 
ing: (1) selective tempering and (2) 
progressive tempering of bar stock 
previously hardened by scanning 

Many machine parts vary from one 


Data for Induction Through Hardening of Medium Carbon 
Steels (0.35 to 045% C)'*’ 


Frequency 
cycles 


9600 
3000 
$000 
9600 
9600 
9600 
3000 


(a) Hardened progressively 
(/) and rate of feed ir), t 


measured at power line supply 


Heating 


Time 


188 
152 
360 
445 
103 


sec 


Austenitizing 


Production,‘ 


Ten Inductor Input, 
ip 
deg Fahr Ib per kw-hr kw per eq in 
1750 481 111 
1700 10.32 130 
1700 750 
1750 633 om 
1750 5.75 042 
1750 7.14 022 
1700 792 100 


(b) Total time (t) as determined from length of inductor 


r 


Measured at surface of bar 


(d) Power in kw was 
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section to another with respect to the 
load and wear requirements. Often this 
variation in requirements is met by a 
compromise of properties obtained by 
uniform tempering to a single hard- 
ness level. However, it is apparent that 
superior performance might be ex- 
pected if the mechanical properties 
could be adjusted to meet the particu- 
lar requirements in each section by 
selective tempering. Within certain 
limitations, induction tempering is an 
economical means of accomplishing 
this. These limitations are that the 
parts must be of such a shape and size 
that they can be coupled by the in- 
ductor to heat uniformly to the de- 
sired temperature in critical sections. 
Although this is impossible or imprac- 
ticable for some parts, many can be 
tempered by induction selectively to 
obtain different degrees of hardness in 
the same part with a consequent im- 
provement in quality 

Induction tempering is particularly 
applicable to bar stock previously 
hardened by induction. Symmetrically 
shaped parts (rounds, hexagons and 
tubing, for instance) are readily heat 
treated to uniform desired properties 
on a production basis by induction 
hardening and tempering. As in hard- 
ening, induction tempering of bar stock 
is accomplished by scanning, 

The principal advantage of induction 
tempering is the possibility of integra- 
tion with machine lines to avoid ex- 
cessive handling of work, thereby mini- 
mizing labor cost. This is illustrated 
in the preparation of bar stock of 
specified mechanical properties before 
machining into cylinder head studs 


and miscellaneous machine parts. An- 
other example of integration is the 
practice of using a 60-cycle ring-gear 
heater for simultaneous tempering and 
expanding of starter ring gears before 
shrinking them on the flywheel. The 
induction heating unit is simple, com- 
pact, and fits nicely in the machine 
line. It can be started or shut down, as 
needed, with other machines of the 
line; it represents a small initial invest- 
ment and easily meets the production 
schedule. 

Table VIII contains pertinent data 
from production installations that 
temper thousands of tons of bar stock 
each month by induction. The data 
are not intended to represent the 
limits of the process, but simply to 
give a set of conditions that have been 
found workable 

Selection of Equipment. Since tem- 
pering is performed below the lower 
transformation temperature (1333 F), 
lower-frequency induction tempering 
installations are generally used and are 
necessary for tempering large sections 
to minimize any temperature gradient 
from the surface to the interior. Table 
IX is presented as a guide for the 
selection of tempering equipment. It 
should be noted that line frequencies 
(60 cycles) may be used for tempering 
parts that have 1% to 2-in. diam or 
larger. Considerable overlapping occurs 
in suitable frequencies so that equip- 
ment utilized for induction hardening 
can often be used for the tempering 
treatment as well. 

Since the usual objective of in- 
duction tempering is to produce uni- 
form hardness throughout the cross 


Table VIII. Data for Progressive Induction Tempering of Medium-Carbon Steels 
(0.35 to 0.45% C) 


Tempering 


Production,'"’ Inductor 


— Temp, Heating Frequency. Ib per Input, kw 
ze, in. deg Fahr Time, sec cycles kw-hr per sq in, 
1% 380 40 60 $3.3 

14 to 1 (irregular) .. 500 60 41 TT 

5% (flat) 550 68 60 63 0.06 

™) (flat) 550 162 60 75 0.03 

(flat) ‘ 700 162 60 41 0.07 

14 to 1 (irregular) .. 1000 34.7 9600 18.7 040 

1» (round) pas . 1150 18.8 9600 13.8 0.35 

% (round) ...... .. 1150 45 9600 128 0.28 
1'4 (round) ... ; . 1150 103 9600 13.2 0.19 
1% (round) . 1180 9600 118 0.18 


(a) Total time (t) as determined from length of inductor (1) and rate of feed (r), 
t=l/r. (b) Power as measured at power line supply 


Table IX. Selection of Power Source and Frequency for Various Applications 


of Induction Tempering 
Frequency 
Tempering | 
Temperature Vacuum 
Section deg Fahr Power Lines, Motor Generators Spark Gap Tube 
Size, in. (max) 50 to G0 ¢ 1000 c¢ | 3000 c 10,000 c¢ 20 to 600 ke over 200 ke 
i to % 1300 A A 
% to ty 1300 A A A 
% to} 800 A A A B B a 
adieas 1300 =. A A B B 
1 to 2 800 B A A B c c 
1300 | A a c c 
— 
800 A A B | 
2 to 6 1300 A A ett 
Over 6 1300 A A B 
(a) Indicated selections are rated A as most suitable, B as suitable, C as satisfactory 
Considerable overlap exists and specific frequencies can be used over a wide range 
of applications 
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section, rather than to heat the sur- 
face, the power density is generally low 
(from 0.05 to 05 kw per sq in. of sur- 
face within the inductor). Actual 
power densities used in specific in- 
stances are given in column 6 of Table 
VIII. Furthermore, the heating time 
is comparatively long, to help provide 
uniform heating throughout the part. 
To meet production requirements, the 
length of the inductor or work coil is 
increased, or more than one bar is 
processed at a time. 

The method described for determin- 
ing the size of the unit to be used for 
through hardening by induction is also 
useful in induction tempering. Since 
induction tempering normally involves 
heating to a uniform temperature 
throughout the section, the required 
size of unit is most readily determined 
from a known value of the number of 
pounds that can be heated to the tem- 
pering temperature per kilowatt-hour 
and the production requirements in 
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pounds per hour. Such data are in- 
cluded in column 5 of Table VIII. 

Actual schematic diagrams of 60- 
cycle installations and motor-generator 
equipment now being used in induction 
tempering operations are shown in Fig 
23. The inductors or heating coils em- 
ployed are primarily of the multi-turn 
type. For a given power density, the 
coils for lower-frequency installations 
require a greater number of turns. The 
application of higher voltages on the 
coil also requires a greater number of 
turns for a given power density. When 
using current directly from the power 
line at 440 v or more, the frequency 
is so low and the voltage so high that 
multiturn, multilayer coils are re- 
quired for tempering operations. Such 
coils are expensive to build, and effec- 
tive coupling is considerably more 
difficult. Accordingly, it may be ad- 
vantageous to reduce the voltage to 
permit the use of a single-layer coil. 
The coils used with 1000, 3000 and 
10,000-cycle equipment, as well as with 
higher frequencies, are of the single- 
layer type. Among motor-generator 
frequencies 10,000-cycle units require 
the fewest turns for equal applied 
voltages and power densities. 

Auxiliary and Control Accessories. 
Since parts are cooled from the tem- 
pering temperature in air, no quench- 
ing facilities are required. However, 
equipment for handling is as important 
in induction tempering as in harden- 
ing; the fixtures already described for 
hardening are suitable. Frequently the 
tempering operation is keyed to the 
hardening operation, or the same 
equipment may be used for both induc- 
tion hardening and tempering by 
simply changing the work coil or re- 
ducing the power density and the heat- 
ing time 

In general, the control of induction 
tempering is achieved by selection of 
the power density and the rate of feed 
through the coil (scanning), based on 
hardness tests of the tempered product 
Automatic control may be obtained 
at elevated tempering temperatures 
(above 800 F) by use of the special 
radiation pyrometer and high-speed 
controller previously mentioned. This 
arrangement may be used to vary the 
speed of the scanning operation con- 
tinuously or to control the power 

With 60-cycle installations, an auto- 
matic voltage regulator in the power 
line ahead of the equipment is desir- 
able if automatic control is not used. 
For adjustment, power input may be 
varied by one or more of the follow- 
ing means: (1) a continuously variable 
rheostat, (2) a continuously variable 
transformer, (3) a tapped transformer, 
(4) a saturable reactor and (5) taps 
on the coil itself. With motor-generator 
equipment employing automatic voltage 
regulation, or in scanning uniform 
work, control of the rectified field 
excitation has provided good results 
Likewise, automatic voltage regulation 
is sufficient with vacuum tube equip- 
ment to give uniform results in small 
sections 

Selection of Induction Tempering 
Cycle. Fundamentally, the tempering 
cycle will be determined by the ulti- 
mate mechanical properties specified 
for the part. However, usual furnace 
tempering temperatures must be in- 
creased to compensate for the short 


heating times. Pigure 24 shows the in- 
crease in 


tempering temperature re- 


fl 


‘ 
Sec inductior Ss 
= 


Furnoce 
“260 400 600 100 120 
Tempering Temperature. deg Fahr 
Fig. 24. Variation of Hardness with 
Tempering Temperature for Fur- 
nace and Induction Heating 


quired to produce a given hardness as 
the tempering time is decreased from 
1 hr (furnace tempering) to 60 sec and 
5 sec (induction tempering) in 1050 
steel, quenched in brine from 1575 F 
Pieces with small cross section may 
be air cooled immediately upon reach- 
ing the tempering temperature, while 
slower heating rates or short periods 
of time at temperature (5 to 60 sec) 
before cooling are desirable for larger 
sections, to allow penetration of heat 
In scanning, of course, the power den- 
sity, the rate of travel, and the length 
of the inductor will determine the 
time of tempering 

Since it has been shown that the 
hardness obtained upon tempering is a 
function of the parameter T(C + log ft), 
it is possible to determine the approxi- 
mate temperature to be used for in- 


duction tempering if the time and 
temperature to provide the desired 
hardness in furnace tempering are 


known. For this purpose the following 
relation is useful: 

T, (C + logt,) = T, (C + logt,) 
where T, and ¢, are the induction heat- 
ing temperature (deg Pahr + 460) and 
equivalent time respectively; and T, 
and t, are the known furnace tem- 
pering temperature (deg Fahr + 460) 
and time to produce a given hardness 
The value of C is not critical and may 
be taken as 15 for constructional 
steels (0.25 to 050% C) and 115 for 
tool steels (0.90 to 12% C) when time 
is expressed in seconds. Strictly speak- 
ing, t, and t, are the time at tempera- 
ture plus an equivalent time at tem- 
perature determined by heating to and 
cooling from the tempering tempera- 
ture. In normal induction heating 
cycles the total induction heating time 
is suggested for use in preliminary esti- 
mates of the induction tempering tem- 
perature required. Final adjustments 
of the tempering temperature should 
be made experimentally 

Results of Induction Tempering. 
Proper selection of the induction tem- 
pering cycle and suitable equipment 
results in uniform hardness from sur- 
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Fig. 25. Typical Hardness Survey 

on 1%-In. Diam Bars of TS14B35 

Steel Through Hardened and Tem- 
pered by Induction Heating 


face to center of the part. This is well 
illustrated by Fig. 25, which shows 
hardness readings on the cross section 
of a 1\-in. diam bar, made of TS14B35 
steel, and through hardened and tem- 
pered. Statistical studies over the past 
several years on cross-sectional hard- 
nesses for similar bar stock that was 
induction hardened and tempered by 
scanning reveal that 67% of all aver- 
age cross-sectional hardnesses resulted 
in a hardness spread of *1.25 Rockwell 
C points and that approximately 95% 
were within *2.5 points. Variations in 
resultant hardness more often occur 
from differences in hardenability be- 
tween respective heats of steel than 
from discrepancies in the induction 
tempering process. If each mill heat is 
run separately, it is possible to com- 
pensate for differences in hardenability 

In spite of the short tempering times 
encountered in induction tempering, 


results indicate that the amount of 
stress relief is similar for parts uni- 
formly tempered through the cross 


section if an equivalent hardness is 
obtained by higher tempering tempera- 
tures. After differential or selective 


tempering, the stress distribution may 
be substantially different from that 
achieved in furnace tempering, and 


careful analysis or a performance test 
should be conducted before adoption 

Cost Relations. Some indication of 
the operating cost for induction tem- 
pering by scanning may be obtained by 
reference to column 5 of Table VIII, 
and from a knowledge of the cost of 
electrical energy in a given plant loca- 


tion. Figure 26 shows the relative 
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Fig. 26. Operating Efficiency for 


Tempering. Curves represent upper 
and lower efficiencies expected with 
electric resistance furnace. Actual 
operating efficiencies of continuous 
induction tempering installations 
are represented by plotted points 


operating efficiency for electric tem- 
pering furnaces and induction temper- 
ing equipment. In the graph the area 
between the curves represents the 
range in pounds per kilowatt-hour for 
an electric tempering furnace. The 
plotted points, indicating pounds per 
kilowatt-hour for actual induction tem- 
pering installations, fall either within 
or above the range of operating effi- 
ciency for electric furnaces. When 
making a graphical comparison be- 
tween the two types of heating, allow- 
ances should be made for the some- 
what higher temperatures that are 
required when tempering by induction 
to attain the same hardness range and 
microstructure 

Actual comparisons 
of course, include the cost of 
equipment, labor costs and others, as 
pointed out in the article on “The Cost 
of Heat Treating” in the 1954 Supple- 


should 
initial 


of cost 


ment of the ASM Metals Handbook 
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By the ASM Committee on Flame 


FLAME HARDENING is a process of 
hardening a ferrous alloy by heating it 
above the transformation range by 
means of direct impingement of a 
high-temperature flame, and then 
cooling as required 

The flame hardening process utilizes 
air or oxygen and fuel gases and flame 
heads (for burning the mixtures) 
whose number, size and design are 
governed by the workpiece to be hard- 
ened. Depending on the fuels used, the 
flame head design, and the time of 
heating, the depth of the hardened 
wone can be controlled over a wide 
range from about 1/32 to \ in. or more. 
The process can be used for through 
hardening of workpieces 3 in. or less in 
diameter or cross section. 

Scope and Application. Flame hard- 
ening is applied to a wide diversity of 
workpieces and ferrous materials for 
one or more of the following reasons 
In all instances, of course, selective or 
localized hardening must be capable of 
satisfying the mechanical properties 
required of the part 


1 Where workpieces are so large as to 
make conventional furnace heating 
and quenching impracticable or un- 
economical. Typical examples include 
extremely large gears, machine ways 
and rolls 
Where only a small segment, section 
or area of a part requires heat treat- 
ment or where heat treating all over 
would be detrimental to the function 
of the part. Typical examples include 
the ends of valve stems and push rods, 
and areas of wear on cams and levers 
Where dimensional accuracy of a part 
is impracticable or difficult to attain or 
control by furnace heating and quench- 
ing. A typical example is a large gear 
of complex design where flame hard- 
ening of the teeth would not disturb 
the dimensions of the gear 
Where the combination of steel and 
processing presents an over-all cost 
saving in comparison with other tech- 
nically acceptable methods. A typical 
example is where a large carburized 
low-carbon alloy steel part might be 
made at less cost from a flame hard- 
ened plain carbon steel 


Methods of Flame Hardening 


Four principal methods of 
hardening are in general use: 


flame 


1 Spot or stationary 

2 Progressive 

3 Spinning 

4 Combination progressive-spinning 


Spot or Stationary Method (Fig. 1). 
In this method, selected areas of the 
work are heated locally by a flame 
head with either a single or multiple 
orifice (depending on extent of area to 
be hardened) and then quenched 

This method requires no elaborate 
equipment except perhaps fixtures and 
timing devices so as to make the oper- 
ation uniform from piece to piece. 
Certain parts of light cross section re- 
quiring selective hardening away from 
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extremities, and also parts on which 
the extremities are to be hardened are 
adaptable to being conveyed through 
the flame on a wheel or a chain, thus 
mechanizing the operation 

Parts heated by the spot or sta- 
tionary method are usually quenched 
by immersion, though a spray of 
quenching medium directed onto the 
heated area may be feasible. 

The Progressive Method (Fig. 2) is 
used to harden large areas that are 
beyond the scope of the spot or sta- 
tionary method and other methods to 
be described Progressive hardening 
employs a flame head, usually of the 
multiple-orifice type and with or with- 
out integrated quenching facilities that 
traverse the surface to be hardened. As 
the surface is heated progressively, the 
quenching medium is applied directly 
behind the flame head. 

The equipment needed to flame 
harden by the progressive method con- 
sists of a flame head or heads mounted 
on a movable carriage running on a 
channel or track at a regulated speed. 
Flame cutting machines, for example, 
are adaptable to this type of flame 
hardening. Workpieces mounted on a 
turntable or in a lathe can be hardened 
readily by the progressive method. 
Either the flame head or the workpiece 
may move 

By having the flame head stationary, 
and making the workpieces progress 
under the flame head, provisions can be 
made to automate or mechanize the 
handling of workpieces. 

Equipment for progressive flame 
hardening can be adapted to contour 
hardening on irregular surfaces by the 
use of the tracer-template method. 


Supersedes the article on page 647 
of the 1948 ASM Metals Handbook 


Hardening 


There is no practical limit to the length 
of parts that can be hardened by this 
method, since it is a simple matter to 
make longer tracks over which the 
flame head will travel. 

Where more than one pass is re- 
quired to harden flat surfaces and 
where cylindrica! surfaces are hardened 
progressively, such surfaces will exhibit 
soft spots because of overlapping or 
underlapping of the heated zone. Such 
effects can be minimized, however, by 
closely controlling the extent of this 
over-lapping. 

The Spinning Method (Fig. 3) in its 
simplest form employs a mechanism 
such as a horizontal or vertical lathe to 
hold and spin the workpiece as it is 
being heated by the flame head or 
heads. When the piece has been heated 
properly, it is quenched by immersion 
or submerged spray. 

This procedure is adaptable to ex- 
tensive mechanization and automation, 
and commercially built machines are 
available that embody these charac- 
teristics. Such machines employ auto- 
matic timing, temperature and 
quenching control, usually leaving only 
loading and unloading operations to be 
done manually. 

The spinning method is used for 
volume production of parts such as 
camshafts, small to medium-size gears, 
hubs, shafts and other parts 

The Combination Progressive-Spin- 
ning Method (Pig. 4), as the name im- 
plies, combines the progressive and the 
spinning methods for hardening long 
parts such as shafts and rolls. This 
method utilizes equipment similar to 
that described for the spinning method, 
except that the workpiece or the flame 
head or heads are moved to harden the 
piece progressively while it is spinning. 
The means of quenching are sometimes 
integrated into the flame heads, 
although a separate quenching ring 
may be used. It provides a means of 
hardening large surface areas with 
relatively low gas flows. 

Progressive spinning units are gen- 
erally designed to handle a broad range 
of diameters and lengths, and com- 
mercially built machines are available. 


Fuel Gases 


Since selection of equipment will de- 
pend on the gas used, the properties of 
fuel gases should be considered first 
Table I lists the most commonly used 
gases, both naturally occurring and 
manufactured 

Table II shows the amount and cost 
of oxygen and fuel gas required to heat 
one square inch of steel to approxi- 
mately 1500 F to a depth of ‘% in., for 
various fuel gases burned with oxy- 
gen. The table also shows the nor- 
mal oxy-fuel gas ratios used, approxi- 
mate fuel gas costs and the relative 
heating times to attain the specified 
temperature and depth. 
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Table I. 


Flame Flame 
Temperature Temperature Usual Usual 
Heating Value, with Oxygen, with Air Oxy-Fuel Air-Fuel 
Gas Btu per cu ft deg Fahr deg Fahr Gas Ratio Gas Ratio Form Supply 


Fuel Gases Used for Flame Hardening 


Acetylene 1433 5620 4215 10 


“ath Gas Generators and cylinders 
City gas 300 to 900 4600 3605 ib) ib) Gas Pipeline 
Hydrogen 275 4975 3885 0.25 Gas Cylinders 
Natural gas ‘* 1000 4900 3405 1.75 90 Gas Pipeline 
Propane 2520 77 3495 40 25.0 Gas-liquid Cylinders and bulk liquid 
Air bee Ga Natural 
Oxygen oe Gas-liquid Cylinders and bulk liquid 


(a) Methane (b) Varies with Btu content and composition 


Bulk systems of supply for fuel gases 


greatly reduce their cos aut of greater ii to the work should be 6 in 
importance is the elimination of cylin- a! The speed of travel of the flame head 
der handling and of the residual losses . al “) . over the work, or the time of heating 
usually attending gases in cylinders. { ok ; } for the spot or spinning method, will 
Bulk systems also provide a more i - . vary with the thickness of case desired 
constant supply of gas at uniform Zz and the flame-head capacity. The 
pressures }) proximity of the quench spray to the 
Acetylene, when mixed with oxygen Quench ‘ last row of flames will affect the speed 
in a one-to-one ratio, gives a neutral s somewhat in the progressive method 
flame of high temperature (about 5620 f Progressive and progressive-spinning 
F). The ready availability of acetylene, speeds usually vary between 2 and 12 


oxygen and the equipment needed to Fig. 1. Spot or Stationary Method in. per min for most applications, 
burn the mixture, combined with the F of Flame Hardening although very thin parts may be hard- 
high flame temperature, makes acety- ened at speeds as great as 100 in. per 
lene the most widely used fuel gas for min or more to avoid overheating or 
flame hardening burning. Because of the intense heat 


Other fuel gases can be used for cer- Fig.2 : involved, the necessity for accurate con- 
tain applications, provided equipment | Fig.3 trol of the rate of travel in progressive 
is designed for their use. The fuel gases { and progressive-spinning methods can- 
can be mixed with oxygen or air to if ) not be overemphasized 
produce flame of varying temperatures | 9 jf 2 ‘ The time required for the spot or 

Apart from the cost, availability and ‘ \ spinning method will vary with the 
thermal properties of the gases, the re 1. depth of case and the flame-head 
details of the application itself will be 4 5 4 j capacity and can vary from a few 
a major factor influencing gas selec- 2 FA seconds for a thin case on small pieces 
tion. For example, it is more difficult a to 1% min for a -in. case on a rail 
(longer time is required or greater P end. In the spinning method of flame 
flame-head capacity is needed) w heat Fig, 2 Progressive Method of Flame hardening the speed of rotation is 
the surface of a large mass to a given Hardening relatively unimportant; depending on 
depth than it is to heat a small mass Fig. 3. Spinning Method of Flame the flame-head capacity and the design 
to the same depth. Therefore, on the Hardening of the part, it should be rapid enough 
surface of a large mass a high- to avoid overheating areas such as 
temperature gas flame such as that gear teeth and sharp corners. Surface 
produced by oxygen and acetylene speeds of 100 to 200 {pm are satisfactory 
would be preferred to an air-fuel gas , Figure 5 shows the effect of linear 
or an oxy-nonacetylene fuel gas flame,  £" speed on the surface hardness and the 
to overcome the cooling effect of the f 4 depth-hardness characteristics (pene- 
heavy mass. On relatively small cross | tration) of a 9's-in. diam bar of 1045 
sections and on extremities having a ~ steel hardened by the combination 
small cross sections to be flame hard- } progressive-spinning method 
ened, lower flame temperatures can be f i On, 
used as developed by other fuel gases : 4 bk F Equipment 
with air or oxygen 

Gas Consumption and Speeds. Gas . . é ag } Regardiess of the flame hardening 
consumption for flame hardening will } > ; method selected, certain basic compo- 
vary with the thickness of the case to, [7 nents of equipment are common to the 
be obtained. Increasing or decreasing / } process. The oxy-fuel gas flame head 
the depth of hardening will increase or ~~ | for example, consists of a tube or a 
decrease the amount of gas used. Mas- 1] shell with an orifice or multiple orifices 
sive parts increase gas consumption | drilled into it; or the flame head may 
because of their greater cooling effect be fitted with removable orifices of the 
In order to take advantage of the Fig. 4. Combination Progressive- screw-in or inserted types through 
maximum flame temperature from the Spinning Method of Flame Hard- which the fuel gases issue and are 
oxy-fuel gas flame, the distance from ening burned (Pig. 6). A drilled-face flame 


Table Il. Cost of Oxy-Fuel Gas Required to Heat One Square Inch of Steel to 1500 Deg Fahr to a Depth of ' In.’ 


Basic Heating Gas Oxyeen Coat of Coat of Total 
Oxy-Fue!l Gas Cost Time Consumption, Consumption, Fuel Gas Oxygen, Gas Cost 
Gas Gas Ratio $ per cu ft se cu ft per sq in. eu ft per sq in § per sq in $ per eq in § per sq in 


Oxygen $0006 
Acetylene 11 0.016 10 0.25 0.275 $0 004 $0.00167 $0 00667 
City gas 054 0.0007 60 15 0.75 0.00105 0 00450 0 00555 
Hydrogen 0.25 0.010 0.75 0.187 0.0018 6.00113 0.002034 
Natural gas‘‘ 1.75 0.0005 20 0.50 0875 0.00025 0.0062 0 00545 
Propane 40 0.0016 20 0.50 2.00 0.0008 0.0032 0.00400 
(a) Data for all gases except hydrogen are based on actual test approaching that for oxy-acetylene. (d) Varies with Btu content 
Data for hydrogen are theoretical. (b) Subject to considerable and composition e) Hydrogen is seldom considered because 


variation depending on location and volume used. ic) Heating equipment for ite use is expensive and difficult to operate, and 
times are for general-purpose oxy-acetylene equipment. Spe- the gas is highly explosive. (f) Methane 
cially designed gas equipment may be used to give heating time 
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Fig. 5. Effect of Progressive py 
on Hardness Gradient in Flame 
Hardened 1045 Steel 


head has a limited range of application, 
whereas a flame head with removable 
and replaceable orifices can be used 
over a wider range of applications 
by removing one or a number of the 
orifices and replacing them with plugs. 

The heat output of the flame head is 
governed by the number and size of 
the orifices when all other factors are 
equal. The individual orifices range 
from No. 73 to No. 51 drill size (0.024 
to 0.067-in. diam). Such small! holes can 
readily become plugged, and when this 
occurs the flame head will not function 
properly. Flame heads with removable 
tips are usually more expensive initially 
but have the advantage that oversize or 
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Fig. 6. Flame Heads for Ozxy- 
Fuel Gas 


out-of-round holes, caused by mechani- 
cal or flame damage, can be corrected 
without replacing the entire head 
Integral parts of the flame head are 
the mixer block and mixer tube, which 
mix the component fuel gases and con- 
vey them through the orifices (Pig. 6). 
The capacities of mixer block and 
mixer tube must match the number 
and size of the orifices; otherwise the 
flame will flash back and the flame 
head will not function efficiently. 
Multiple-orifice flame heads are 
water-cooled because the high temper- 
atures developed at and around the 
flame head would cause early deteriora- 
tion. On flame heads used for progres- 
sive hardening, the quench water cools 
the head. On multiple-orifice flame 
heads used for spinning or progressive- 
spinning methods, the cooling water is 
circulated through chambers integrated 
into the head. Single-orifice flame 
heads—-for example, a welder’s torch 
are generally not water-cooled. 
Air-Fuel Gas Burners for flame 
hardening are always multifiame single 
heads, generally using heat-resistant 
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refractory materials for the flame 
orifices. Such burners are generally 
designated as either radiant or high- 
velocity, direct-impingement type (Pig. 
7). They consist of a refractory-lined, 
heat-resistant alloy casing with sepa- 
rate but integrated orifices through 
which the air-fuel gas mixture issues 
and is burned. The radiant type of 
burner is designed so that it radiates 
or reflects the heat of combustion to 
the work surfaces. 

Most designs consist of a metal cas- 
ing or shell with a plenum chamber 
at the input end. The gas-air mixture 
flows from the plenum through orifices 
or port plate and into the combustion 
chamber. This chamber is lined with 
a high-temperature insulating refrac- 
tory material, as shown in Pig. 7(b). 

The burner design is such that the 
burning gases heat the lining wall to 
a temperature near the theoretical 
flame temperature of the mixture. The 
reacting gases are preheated rapidly 
and the combustion process is greatly 
accelerated, as compared with more 
conventional gas burners 

The flame heads of both the oxy-fuel 
gas and the air-fuel gas methods of 
flame hardening are implemented by 


Flame Reflector 


Refractory) 


~ 
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Alloy Casing 


(a) 


Threaded 
Refractory Orifice 


pressure regulators, valves, flowmeters 
and protection devices. In the air-fuel 
gas method, a separate mixer and com- 
pressor are needed, since the mixing 
function is not incorporated into the 
flame heads (Pig. 8) 

Materials of Construction for Flame 
Heads. Flame heads can be produced 
from many materials, but experience 
has shown that certain constructions 
offer definite advantages in life ex- 
pectancy, cost and ease of fabrication. 
Life of flame heads will depend largely 
on the application, and it is difficult to 
predict exactly the life to be expected 
for a new application. Brass oxy-fuel 
gas flame heads used for progressive 
hardening of machine ways have shown 
an average life of 150 hr in continuous 
service 8 hr per day. For high-volume 
production, similar heads used on 
shafts, small gears and hubs have 
lasted more than 1000 hr. Materials of 
high thermal conductivity are recom- 
mended for oxy-fuel gas flame heads. 
Air-fuel gas flame heads of the high- 
velocity type, having Inconel casings 
and refractory liners used for spin 
hardening a gear, have a usable life 
of 10 to 15 weeks of continuous opera- 
tion 40 hr per week. Water-cooled 
heads may last even longer before liners 
need replacement 

Table III shows materials of con- 
struction for flame heads. 


Maintenance of Equipment 


Flame Heads (Nonferrous) of the 
Oxygen-Fuel Gas Type. The main prob- 
lems in maintenance of nonferrous 
flame heads are carbon deposits, ero- 
sion and corrosion. Experience with 
three types of flame-head construction 
(drilled port, inserted port and screw- 
in port) has shown maintenance prob- 
lems common to all as follows: 

Carbon Deposit. The intermittent 
igniting and extinguishing of the flame 
causes a small deposit of carbonaceous 
material to build up on the side walls 
of the port, from the retrogression of 
the burning fuel below the orifice of 
the port as the flame is extinguished. 
Although small for each cycle, the de- 
posit will build up gradually until it 
causes a restriction in the port and 
thus a variation in the velocity of the 
gas. Several thousand cycles may be 
completed before it is necessary to 
clean the head. 

A slight amount of cleaning can be 
done without removing the head from 
the mixer tube, by pushing a wire of 
the proper size through the port. How- 
ever, excessive cleaning by this method 
results in a deposit of loose carbona- 
ceous material in the fuel chamber, 
which may be moved by the velocity 
of the gas, causing it to become lodged 
in another port. 
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Fig. 7. Typical Burners for Air-Fuel Gas (a) Radiant Type (b) High-Velocity 
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Table Ill. Materials of Construction for Flame Heads 


Relative 
Machinability 


Relative Thermal 
Conductivity 


Relative 
Hardness 


Melting Point, 
deg Fahr 


Relative 


Material Cost 


Remarks 
60-40 brass 
70-30 brass 
Naval brass 
Copper 


Very good 

Very good 

Very good 
Good 


Very good 
Very good 
Very good 
Excellent 


Med hard 

Med hard 

Med hard 
Soft to med hard 


Low 
Low 
Low 
Low 


Satisfactory service 

Satisfactory service 

Widely used, highly acceptable 
Very good because of excellent ther- 
mal conductivity, but difficult to drill 
small orifices 

Used extensively for 
casings to protect 
of air-gas burners 
Used for making orifice inserts into 
cast or wrought heads 

Used extensively for air-gas burners; 
generally formed in steel dies and 
prefired in kilns. Requires protective 
jackets 

Sometimes used despite expense 
erally used because of difficulty in attaching connections and 
fasteners. In addition, it generally shows accelerated erosion 
from the flame, although a carburizing flame will minimize this 
effect. 


Inconel Poor Poor Med hard High heat-resistant 


refractory inserts 


Monel Poor Poor 2370 Hard High 


Refractory None To suit 3000 4 Hard Low 


Stainless steel Poor Poor 


Brasses other than the three mentioned may also be used 
However, leaded brasses are unsatisfactory. Flame hardening 
heads have been made of steel, but flame erosion of the burner 
ports is rapid and slag may be picked up. Aluminum is not gen- 


2560 Hard High 


Screw-in tips can be removed from 
the head and cleaned thoroughly by 
passing a wire through the port and 
pickling in a mild acid solution or 
cleaning in a solvent that will loosen 
the carbonaceous deposits. Solutions 


head from the machine and clean thor- 
oughly every 72 hr of operation for 
heads that have a 7 to 12-sec heating 
cycle, and every 120 hr of operation on 
heads that have a 13 to 25-sec heating 
cycle. The removal of the heads at the 


and protection devices, the mainte- 
nance problems of these accessories are 
common to both methods of flame 
hardening and are listed in Table IV 

Air-gas systems have maintenance 
problems relating to their compressors 


that attack the tip must be avoided lest 
the venturi or orifice be damaged. After 
the tips have been cleaned, they are 
replaced and operations can proceed. 
To save time, spare tips can be inserted 
when those in need of cleaning or re- 
pair are removed 

Drilled-port and inserted-port heads 
can be cleaned by passing a wire, or a 
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Fig. 8. Typical Mixer-Burner Sys- 
tem for Air-Fuel Gas 


drill one size smaller than the ports, 
through the ports and either pickling 
in a mild acid solution or cleaning in 
a suitable commercial cleaner. Again 
it must be remembered that any solu- 
tions used must not attack the head 
itself. After cleaning and rinsing in 
clean water, all traces of dirt and mois- 
ture must be blown from the flame 
ports and gas lines 

Erosion and Corrosion. All types of 
heads are subjected to the by-products 
of combustion which may attack the 
face of the burner or the tips. Chro- 
mium flash on the burner face has 
proved helpful in reducing erosion and 
corrosion. In time the face of a drilled 
port burner may erode to a point where 
it is necessary to reface the head by 
machining and rework the counterbore 
If there is enough space between ports 
on drilled-port heads, the port can be 
repaired by drilling oversize and press- 
ing in an insert. These inserts can be 
removed when necessary and replaced 

The following procedures have proved 
satisfactory on volume _ production 
flame hardening operations: (1) pass a 
wire of the proper diameter through 
each flame port once during each shift 
of operation; (2) remove the flame 


above intervals is not absolutely neces- 
sary, but it has been found practical, 
and gives work of high quality. 

Because the oxy-fuel gas type of 
flame head is water-cooled, it may be 
necessary to soften the water to keep 
scale from forming in the cooling pas- 
sages, in localities where extremely 
hard water is used. Commercial water 
softeners of the zeolite or polyphos- 
phate type can be used to correct this 
difficulty. 

Burners of the Air-Gas Type. Fail- 
ures of air-gas burner liners occur by 
spalling and cracking of the refractory 
tunnel and outlet. Periodic examination 
is usually made at intervals determined 
by experience with the individual in- 
stallation. Inspection may be required 
as often as once every shift where con- 
ditions are severe. The causes of de- 
terioration are thermal shock from re- 
peated and rapid heating or cooling or 
both, and mechanical shock from work 
striking the burners. The casings de- 
teriorate mainly from prolonged ex- 
posure to escaping hot gases which heat 
the casings locally, causing more or 
less progressive oxidation, growth and, 
infrequently, burning. Where installa- 
tion space permits, water or air cooling 
can usually be expected to increase the 
life of burners. Shielding, designed to 
conduct hot gases away from the 
burners and other parts of the machine, 
is also valuable in reducing mainte- 
nance costs 

Maintenance of Mechanical Compo- 
nents. Since both oxy-fuel gas and air- 
fuel gas systems employ pressure gages, 
pressure regulators, valves, flowmeters 


and blowers. Protection devices against 
backfire and explosion should be serv- 
iced according to the manufacturer's 
instructions 

Timers. When parts are being hard- 
ened on a timed cycle, periodic checks 
of the timers are advisable. Generally 
if the cycle is inaccurate it will be evi- 
dent in the inspection of the parts 

Thermopiles. If the heating cycle is 
controlled by a thermopile several items 
must be checked, An excessive flow of 
cooling water through the housing will 
cause condensation on the lens. A de- 
posit of any kind on the lens will cause 
erratic results. In  high-production 
work the lenses are cleaned at least 
once each shift and preferably twice 

Holding Fixtures. It is important 
that the positioning of parts under the 
flame head be consistent. Therefore, 
holding fixtures should be checked and 
worn parts replaced before the parts 
become improperly located 

Piping. Types of piping and fittings 
recommended by underwriters should 
be used in installing the gas lines from 
the gas source to the site of use. In 
long gas lines means should be pro- 
vided for purging accumulated con- 
densate from the line before the gas 
reaches the mixing chamber or torch 


Precautions and Safe Practices 


All fuel gases are explosive when 
mixed with either air or oxygen within 
their flammable limits. The affinity of 
oxygen for combustible materials in- 
creases as its purity increases. Both 
fuel gases and commercially pure oxy- 


Table IV. Maintenance Problems in Flame Hardening Equipment 


Component 


Pressure gages 
neous results 

Gas-supply pressure Failure to hold 

regulators setting at outlet 


Solenoid valves 
Fuel valve Lazy 

shutoff 
Oxygen vaive 


Symptom of Trouble 
Erratic behavior and erro- 


pressure 


Failure to close or open 
flame lingering after 


Short reports after shutoff 


Probable Causes 
Mechanical damage to mechanism 


Diaphragm broken or hardened 
Diaphragm too taut 
Sticking stem or vaive parte 
Damaged or dirty valve seat or 

piug parte 
Broken or damaged spring 
Defective valve mechanism or wiring 
Dirty seat or stem 
Damaged seat 
Damaged seat 
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gen must be transported, stored and 
used in compliance with established 
laws, rules and good practice. Anyone 
contemplating the installation of equip- 
ment for handling fuel gases and oxy- 
gen should obtain the necessary in- 
formation. The manufacturers and 
suppliers of equipment and fuel gases 
generally are familiar with the re- 
quirements, and their apparatus will 
meet Underwriter's Laboratory stand- 
ards for safe operation 

Information on cylinder’ storage, 
cylinder manifolding, acetylene gener- 
ators, housing, and piping systems is 
obtainable in pamphlet form from the 
following organizations 


American Gas Association 
Compressed Gas Association 
International Acetylene Association 
National Board of Fire Underwriters 
National Fire Protective Association 


Most state and local governments 
follow the recommendations of the 
above organizations in adopting regu- 
lations pertaining to gases. A study of 
local regulations should be made to 
determine whether there is any vari- 
ance from standard procedures 

An operator should be taught to rec- 
ognize faulty operation of valves and 
other equipment. He should recognize 
flashbacks and backfires immediately 
and shut off the gases. Regular testing 
with soapy water for leaking joints 
and connections in the whole system 
should be a part of the maintenance 
routine, Ordinarily no unburned fuel 
gas or oxygen should be allowed to 
escape to the atmosphere, However, 
this is sometimes necessary when set- 
ting gas flows and oxygen ratios or 
purging lines or torches. An air hose 
should be available to disperse the fuel 
gas quickly when it issues from the 
flame ports, 

No lights or flames should be in the 
vicinity when fuel gas or oxygen is 
released into the air. Any spaces where 
the gases might accumulate in or 
around the machine should also be 
purged with the air hose 

Hand friction lighters should not be 
used to ignite the gases except for very 
small flame heads of low gas capacity. 
A flame from an acetylene torch or a 
burner using some other gas should be 
used. The pilot flame should be very 
close to the heating head so as to 
prevent an accumulation of gas and 
oxygen before ignition. For automatic 
flame hardening machines, the pilot 
light can be permanently mounted or 
electric-spark ignition can be used 
When operations are stopped for any 
protracted length of time or for main- 
tenance of the machine, the valves in 
the main supply lines should be closed. 
These valves must not leak, since even 
a small leak may cause a dangerous 
accumulation of gas 

Oil or grease may ignite violently in 
the presence of oxygen under pressure 
and must be kept away from cylinders, 
valves, bulk system fittings, couplings, 
regulators, hoses and other apparatus 


Cost of Flame Hardening 


When a part can be heat treated by 
any of several methods, cost is the ma- 
jor factor in the selection. With large 
parts that would not be practicable to 
harden all over in a furnace, or with 
parts of complex design, selection is 
based more on necessity than on cost 

Short-run jobs can often be handled 
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Table V. Cost of Flame Hardening a Small Gear 
Part: Gear, %-in. face, 43 teeth, 8 DP 


Hardened area: Teeth below root 


Itern 


Original investment 

Fixed costs 

4',% interest on avg investment ('4 
Amortization (6 yr of 2000 hr per yr) 


Maintenance of building, including heat, light, taxes, 
200 sq ft at 


insurance and other maintenance for 
$0.29 per sq ft 


Total fixed costs 


Variable costs 
Fuel: CoH 
Water 


original) 


Production rate: 150 per hr 


Cost per hour 
for 2000-Hr Year 


$30 000.00 


675.00 $0.337 


2.500 


58.00 0.029 


156 cu ft per hr at $1.40 per 100 cu ft 
140 cu ft per hr at $0.16 per 100 cu ft 


Electricity. 15 kw-hr per hr at $0.01 per kw-hr 


Oxygen 
General overhaul of equipment once a year 
Labor, including burden 


Materials 
Other maintenance (burners) 


Total variable costs 
Labor 

Direct labor 

Indirect labor or burden 


Total labor cost 


Total cost per hour 


Total cost per piece ($11.876/150) 


Table VI. 
Hardened area: Teeth 


Item 


Original investment 
Fixed costs 


interest on avg investment original) 


Amortization (6 yr of 2000 hr per yr) 


Maintenance of building, including heat, 


171 cu ft per hr at $0.55 per 100 cu ft 
Air: 760 cu.ft per hr at $0.0048 per 100 cu ft 


200.00 
20.00 
500.00 


720.00 


$ 5.250 


$11.876 


$ 0.079 


Cost of Flame Hardening a Starter Ring Gear 
Production rate 


150 per hr 


Cost per Hour 
for 2000-Hr Year 


$15,500.00 


349.00 $0.175 


1.292 


light, taxes, 


insurance and other maintenance for 200 sq ft at 


$0.29 per sq ft 


Total fixed costs... 
Variable costs 


Fuel: Natural gas, 210 cu ft per hr at $0.05 per 100 cu ft 


Water 
Electricity 
Oxygen 


15 kw-hr per hr at $0.01 per 


General overhaul of equipment once a year 
Labor, including burden 

Materials 

Other costs (burners) 


Total variable costs 
Labor 
Direct 
Indirect or burden 


Total labor costs 


Total cost per hour 


Total cost per piece ($9.525/150) 


with simple equipment setups. Invest- 
ment in special burners and quenching 
apparatus is economically justified for 
long runs, but an improvised arrange- 
ment of standard equipment should be 
used whenever possible 

When production quantities for a 
given part are large, automatic equip- 
ment of special design should be con- 
sidered. Very often these machines 
can be loaded and unloaded automati- 


0.029 


0.105 


140 cu ft per hr at $0.16 per 100 cu ft 0.224 
kw-hr 0.015 
357 cu ft per hr at $0.55 per 100 cu ft 1.964 
Air: 760 cu ft per hr at $0.0048 per 100 cu ft . . 


0.036 


200.00 
20.00 
250.00 


470.00 


$ 5.250 
$ 9.325 


$ 0.062 


cally, thereby keeping labor require- 
ments at a minimum. Even where the 
production of a single item is great 
enough to justify special automatic 
machinery, full consideration should 
be given to equipment with flexibility 
that permits handling other workpieces 
merely by changing fixtures and repo- 
sitioning flame heads 

An initial investment in flame hard- 
ening equipment can vary between a 


0.015 
0.941 
0.036 
0.360 
— 
if 
0.235 
3.150 


Table VIL. 


Cost of Flame Hardening a Cam 


Part: Cam, % in. thick by 4 in. wide by 12 in. long 


Hardened area: Selected area of 15 sq in. 


Itern 


Production rate: 175 per hr 


Cost per Hour 
for 2000-Hr Year 


Original investment . .$12,500.00 
Fixed costs 
4',% interest on avg investment (2 shifts) 562.50 $9.141 
Amortization (6 yr of 2000 hr per yr) 1.042 
Total fixed costs $ 1.183 
Variable costs 
Fuel: Natural gas, 900 cu ft per hr at $0.06 per 100 cu ft 0.540 
Electricity: 4.1 kw-hr per hr at $0.009 per kw-hr 0.037 
General overhaul of equipment once a year 
Labor, including burden 232.00 
Other maintenance (burners) 210.00 
442.00 0.221 
Total variable costs $ 0.798 
Labor 
Direct labor (10 min each hour for loading machine) 0.250 
Total cost per plece ($2.6B81/175).....cccccccccvcsccccccecs $ 0.015 
Table VIII. Cost of Flame Hardening a Spur Gear 
"art: Spur gear, 24-in. pitch by 1 ‘s-in. face 
Hardened area: Teeth only Production rate: 10 per hr 
Cost per Hour 
Item for 2000-Hr Year 
Original investment $20,000.00 
Fixed costs 
4',% interest on avg investment 900.00 $0 450 
Amortization (10 yr of 2000 hr per yr) 1.000 
Total fixed costs $ 1450 
Variable costs 
Fuel: Mixed gas, 1750 cu ft per hr at $0.65 per 1000 cu ft 1.138 
Electricity: 11.9 kw-hr per hr at $0.009 per kw-hr 0.107 
Maintenance of equipment 
Burners: Replace refractory inserts each 4 mo: 25 sets at 
$2.10; 8 hr of labor at $6.25 per hr (burden included) 
$102.50/667 (hr for 4 mo) 0.154 
Total variable costs $ 1.399 
Labor 
Direct labor 2.500 
Tetal cost per ploce $ 0.910 


few hundred dollars for standard oxy- 
fuel heads and mixers to thousands for 
high-production machinery 

Cost analyses are given in Tables V 
to VIII for the flame hardening of four 
typical parts, as follows: 


Example 1 (Table V). Gear having 43 
teeth of 8 DP and *%4-in. face, hardened 
at the rate of 150 per hr by the spinning 
method with oxyacetylene 


Example 2 (Table VI). Starter ring 
gear, hardened at the rate of 150 per hr 
by the spinning method with oxy- 
natural gas 


Example 3 (Table VII}. Cam, '% in 
thick by 4 in. wide by 12 in. long, selec- 
tively hardened at the rate of 175 per hr 
in an area of 15 sq in. with air-natural 
gas through radiant burners 


(Table VIII) 
pitch and 


Example 4 
having 24-in 


Spur gear 
l'g-in. face, 


hardened on the teeth only, at the rate 
of 10 per hr with air-mixed gas, through 
radiant burners 


Quenching Equipment 


In spot hardening, immersion quench- 
ing is generally used, but spray-quench- 
ing can be used for mechanized opera- 
tions 


Parts heated by the progressive 
method are usually quenched by a 
spray integrated into the flame head, 


although for steels of high hardenabil- 
ity, or where it is desirable to vary or 
adjust the distance between the heated 
zone and the quench, a separate spray 
quench head is sometimes used. When 
integrated with the flame head, the 
spray quench should issue from the 
head at an angle away from the flame 
head to prevent interference with the 
heating, and must provide full coverage 
over the heated band. This type sprays 
the quenching medium on the work % 
to 1% in. behind the last row of flames 
when hardening 1045 steel 


Parts heated by the spinning method 
are quenched by several different pro- 


cedures. In one 
moved from the 
quenched by 


the heated part is re- 
area of heating and 
immersion in a separate 
quench tank. Another method inte- 
grates the quenching into the flame 
hardening machine; for example, after 
the part is heated by spinning, the ar- 
bor on which it is held is lowered into 
a quench bath to harden the part 
Sometimes a spray quenching ring is 
submerged in the quench bath into 
which the heated part is lowered, to 
increase the rate of cooling over that 
of immersion quenching alone 

Parts heated by the spinning method 
may also be quenched with “quench 
blocks” on the same plane as the flame 
heads. When the heating cycle is com- 
pleted and the flames are extinguished, 
the quench is turned on. The quench 
blocks should cover the heated band 
and provide enough quenching liquid to 
obtain suitable and uniform hardness 
There should be enough quench points 
around the periphery of the block to 
envelop the area completely with 
quenchant 

Parts heated by the combination pro- 
gressive-spinning method are usually 
quenched by a spray integrated in the 


flame heads or by separate quench 
blocks located below the flame heads 
For further information on quench- 


ing, the reader may refer to the article, 
“The Quenching Process and Indus- 
trial Quenching Equipment”, page 620 
in the 1948 ASM Metals Handbook. 


Quenching Mediums 


With spray quenching, either inte- 
grated in the flame head or by separate 
quench blocks, water or a dilute soluble 
oil solution is used as the quenching 
medium. Quenching oils should not be 
allowed to come in contact with oxygen 
or to contaminate equipment using it 

By reducing the pressure of the 
quenchant, the rate of cooling by spray 
quenching can be varied from the max- 
imum for which the integrated or sep- 
arate quench blocks are designed. In- 
creasing the distance between the last 
row of flames and the point where the 
quenchant impinges will allow the 
mass Of metal below the area to be 
hardened to extract heat and decrease 
the rate of quenching 

Compressed air, passed through the 
quench blocks, is used as a quenching 
medium in some applications. Still air 
can be used on air hardening steels 

Immersion quenches vary in type in 
relation to the metal used, the hard- 
ness level and depth desired, the mass 
and design of the part, and its dimen- 
sional tolerances. The quenching medi- 
ums can be caustic or brine solutions, 
water, soluble oi] emulsions or any of 
a large variety of oils 

With any methods other than 
through hardening, the mass of cold 
metal underneath the heated layer aids 
the quenching by withdrawing heat 


Surface Conditions 


In wrought steel parts the surface 
conditions likely to be detrimental to 
successful flame hardening are, in gen- 
eral, those that interfere with heating 
or quenching, cause localized overheat- 
ing, initiate cracking, or cause a soft 
surface skin after proper heating and 
quenching 

Table IX summarizes the more com- 


AUGUST 15, 1955; PAGE 129 


mon defects, their origin and the effects 
to be expected when they are present 
on flame hardened areas. The extent 
of these defects determines the amount 
of difficulty they may cause. 


Operating Procedures 


Speed of travel of the flame head, or 
the duration of heating, should be held 
constant for uniform results in flame 
hardening. In the progressive method, 
the flames gradually heat the work- 
piece in front of the flame head, and 
sometimes this effect must be compen- 
sated for by gradually increasing the 
speed of travel or by precooling. At the 
beginning of a pass when the progres- 
sive or progressive-spinning method is 
being used, the flame head or heads 
should be manipulated or otherwise ad- 
justed to insure that the beginning of 
the area to be hardened attains the 
proper temperature and depth of heat- 
ing as progression begins 

Pressures of the oxy-fuel gas or the 
air-fuel gas should be controlled closely 
for uniform input of heat. Flat oxy- 
fuel gas flame heads will be somewhat 
less efficient when used on circular or 
curved surfaces, because each cone of 
flame is a different distance from the 
work, Overheating leads to cracking. 

Hardening temperatures can be 
judged by competent operators, but to 
the inexperienced the heated meta! will 
appear colder than it actually is, be- 
cause of the light from the burning 
gases; the consequent tendency is to 
overheat, Radiation or optical pyrom- 
eters are often used to judge more 
accurately the temperatures developed 
Radiation-type pyrometer systems of 
fast response are used extensively to 
control work temperatures and heating 
times, Metallurgical examination is the 
best method for establishing operating 
conditions. Overheated spots may ap- 
pear under individual flames, but with 
properly designed flame heads, this 
effect is minimized and not readily 
detectable by microscopic examination 

The success of many flame hardening 
applications depends largely on the 
skill of the operator. This is especially 
true where the volume of work is so 
small or so varied that cost of auto- 


Table IX. 


matic control equipment is not justified. 
The principal operating variables are: 


1 


Distance from inner cone of oxy-fuel 
flames to the work surface, or distance 
from air-gas burner to work 

Gas pressures 

Rate of travel of flame head or work 
Type, volume and application of 
quenching medium 


These variables must be closely con- 
trolled to insure duplication of desired 
surface hardness and depth of hard- 
ness. It is highly desirable to develop 
a specific procedure for each item to be 
flame hardened. The procedure is de- 
veloped by preliminary tests on the 
production piece itself, if warranted, 
or on mock-up sections of approxi- 
mately the same cross section as the 
production piece. After the desired 
contour and depth of hardened zone 
have been developed, the procedure is 
applied to production pieces and, when 
established, is made a part of the heat 
treating specification 

Table X gives a typical procedure 
for flame hardening a large ring gear 
and illustrates control of the process 
variables. Fig. 9 shows the gear. 


Preheating 


In flame hardening parts of large 
cross section, difficulty in obtaining the 
desired surface hardness and hardness 
penetration can often be overcome by 
preheating 

The hardness data in Fig. 10 show 
the effectiveness of preheating in de- 
veloping hardness penetration in the 
same ring gear for which detailed pro- 
cedures are itemized in Table X. 

Flame hardening of prehardened and 
tempered steels, especially some of the 
alloy steels, requires careful control of 
heating to avoid cracking. Preheating 
of the part may be advisable to mini- 
mize the cracking of such steels. 


Properties 


In carbon steels, almost full hardness 
may exist in 50% or more of the total 
layer affected by heat. The transition 
zone gradually decreases in hardness 
until core hardness is reached. In a 
given steel, the more rapid the quench 


Surface Conditions of Wrought Steel Parts that Are 


Detrimental to Flame Hardening 


Defect or 
Condition 


Probable Origin 
of Condition 


Laps, seams, folds, 


Detrimental Effects to Be Expected on 
Flame Hardened Areas 


Rolling mill or 1 Localized overheating or even surface melt- 


ing with consequent grain growth, brittie- 
ness, and greater hazard of cracking 


2 Where parts are to be used without final 


fins forging opera- 
tions 
Scale Rolling or forging, 1 


(adherent) prior heat treat- 


grinding these defects may cause excessive 
surface roughness 

Insulating action against heating with re- 
sulting underheated areas and soft spots 


ment, flame cut- 2 Masking of quench causing soft spots 
ting 3 Potential machine difficulties‘* 


Similar to seale as noted above 


diing of material 2 Severe rusting may result in pitted sur- 


Rust, dirt Storage and han- 1 
or parts 
Decarburization Present in 


ceived steel bar 
stock; from heat- 
ing for forging or 
prior heat treat- 
ment of parts or 
stock 


faces that will remain after hardening 


as-re- In severely decarburized work, no hardening 


response will be found when parts are 
tested by file or other superficial means 
Partial decarburization causes lowering of 
surface hardness as a direct function of the 
actual carbon content of the stock at the 
surface, provided the steel was adequately 
heated and quenched 


(a) Scale and dirt that pop loose into the path of the flame often cause fouling of 
oxy-fuel burners. When these materials enter a closed quenching system, they may 


clog strainers and cause plugged quench orifices and excessive wear of pumps 
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Table X. Typical Procedure for Flame 
Hardening a Large Ring Gear 


(Figure 9 shows the gear.) 


Preliminary and 
mounting on po- 
sitioner 


Preheating flame- 
head gap 


Gas pressure 
(preheating) 

Flowmeter (for 
preheating gas) 


Tube readings 
(neutral flame) 


Flame hardening 
heating head gap 
CAUTION: Must 
be kept parallel 
with flame hard- 
ened surface 


Gas pressure 
(flame harden- 
ing) 

Flowmeter (for 
flame-hardening 
gas) 

Tube readings 
(neutral flame) 


Water pressure 
(flame hardening 
quench) 

Speed setting 
(Double check 
just before flame 
hardening) 


Preheat cutoff (to 
avoid softening 
of already flame 
hardened sur- 
face) 


Flame hardening 
heat cutoff (No 
overlap permis- 


sible; aim at 


max soft gap 
Use extreme cau- 
tion.) 


Hardness aim 
(except at flame 
hardening junc- 
tion) 


Gear should be cen- 
tered on positioner 
to approx 0.065-in. 
total indicator run- 
out on tooth OD. 

Set 3-in. max flame 
head at 7'4-in. gap 
from flame hard- 
ened surface and 
approx 24 in. ahead 
of hardening tip 

13 psi acetylene, 27 
psi oxygen 

2.1 divisions for acet- 
ylene, 265 divi- 
sions for oxygen 

Flutter approx '% di- 
vision + or 

Set and hold 5-in. 
flame head at '4-in 
gap from flame 
hardened surface 
and at about 35 to 
40-deg angle to ra- 
dius; adjust during 
flame hardening to 
follow in line with 
roller path warp. 

13 psi acetylene, 27 
psi oxygen 


2.7 divisions for acet- 
ylene, 3.2 divisions 
for oxygen 

Normal flutter ap- 
prox 1.8 division 4 
or ; watch fre- 
quently for signs 
of gas failure 

Set pressure reduc- 
ing valve for 30 psi. 


(Preheating and 
flame hardening) 
No. 9 notch on po- 
sitioner; equivalent 
to 6.42 in. per min 
on 228-in. circum- 
ference of 72'4-in 
flame hardened 
pitch circle; (ap- 
prox 355 min per 
rev) 

Kill preheat when 
spread of its flame 
toward oncoming 
hardened surface 
produces blue-pur- 
ple temper color at 
flame hardening 
starting point 
(Air-block flame 
head may be set up 
for the same pur- 
pose.) 

As flame hardening 
flame head ap- 
proaches finish 
junction, back off 
tip 1/16 in. gradu- 
ally during final '» 
in. of gear travel 
and kill flame 
abruptly when near- 
est row of flames 
juat reaches '4-in 
clearance from 
starting point of 
flame hardening, 
and immediately 
speed up table to 
fastest speed notch 

515 to 600 on portable 
Brinell at points 2 
in from ID of 
flame hardened 
roller path (Rock- 
well C 50 at approx 
0.200-in. depth); to- 
tal depth of con- 
tour, 5/16 in. 


| 
i 
& 
4 
“ay 
= — 
a 


and the shallower the heated zone, the 
sharper is the hardness gradient. Thus, 


when air is used as the quenching 
medium, the transition zone is more 
gradual. The surface is likely to be 


slightly less hard when the hardened 
layer is thick. Thinner cases generally 


79 in. 


Fig. 9. Ring Gear for which Flame 
Hardening Procedure is Summar- 
ized in Table X. Gear is a 2500-lb. 
alloy steel casting with 4%-in. 
flame hardened face totaling 692 s 
in. Gas cost, 0.46¢ per sq in.; tota 
cost for gas, labor and overhead, 
2.0¢ per sq in. or $13.84 per gear, 
using a flame head 5 in. wide ata 
travel rate of 642 in. per min. 
Hardening extended to a depth of 
3/16 in. Brinell hardness at surface 
was 530 (see Fig. 10 below for hard- 
ness gradient.) 


{fig 
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50 "SOF 
Preheat 
5 40 
No Preheat 
+30 
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& 
O 80 160 240 320 
Distance below Surface, O.00i in. 
Fig. 10. Effect of Preheating on 
Hardness Gradient in the Same 


Ring Gear Dealt with in Table X 
and Fig. 9. 


produce greater hardness at the sur- 
face. By adjusting the rate of heat 
input and rate of quench, the relation- 
ship between fully hard and transition 
zone material can be varied. 


Tempering of Flame 
Hardened Parts 
Flame hardened steel will respond to 


a tempering treatment as it would if 
hardened to the same degree by any 


other method. Standard procedures, 
mediums and temperatures can be 
used. However, for the class of work 


that is flame hardened because it is too 
large to be heated in a furnace, flame 
tempering may be the only feasible 
method of tempering available. 

Large articles are usually hardened 
by the progressive method and can be 
tempered immediately by reheating the 
hardened surface with a flame head 
placed a short distance behind the 
quench. The reheating or tempering 
flame head must be designed correctly 
in regard to number and size of orifices 
or tips (flame ports) to produce the 


desired temperature and temperature 
gradient in the flame hardened zone at 
the flame hardening speed. Exact and 
final 


adjustments can be made by 


varying the flow of gases through the 
flame head and by adjusting the dis- 
tance between flame head and work 
surface. Tempering flame heads must 
have smaller heat outputs than the 
hardening flame head, because too 
rapid heating of the hardened zone can 
cause cracking, and the temperatures 
required for tempering are lower. 

Simultaneous hardening and temper- 
ing is of greatest value in treating the 
larger articles, but often it can be 
applied economically to smaller pieces 

On large parts flame hardened to 
depths of about % in. or more the 
residual heat present after quenching 
may be sufficient to accomplish satis- 
factory relief of hardening stresses, and 
tempering by a subsequent operation 
may be unnecessary 

Where residual heat cannot be uti- 
lized and it is desirable to eliminate 
the tempering operation, the use of a 
lower-carbon steel is suggested if hard- 
ness requirements permit. Preheating 
of heavy parts will increase the residual 
heat available for tempering 


Selection of Material for 
Flame Hardening 


Carbon Steels. The plain carbon steels 
are the most widely used for flame 
hardening applications. They can be 
hardened through in sections up to 
% or '» in. This response permits the 
use of carbon steel for selectively flame 
hardened small gears, shafts and other 
parts of small cross section in which 
uniform properties are needed through- 
out the section. These same steels can 
be used for larger parts where hard- 
ness is necessary only to shallow depths 
of 1/32 to about \ in 

Carbon steels 1035 to 1053 are suit- 
able for flame hardening; 1042 and 
1045 are the most widely available and 
are recommended for all flame harden- 
ing applications except where they 
would be incapable of meeting require- 
ments, as in the following examples. 


1 The failure of a 1045 
harden with a given 
necessitate the use of a 
hardenability—for example with 
higher carbon or manganese, or both, 
or possibly an alloy steel 

If increased depth of hardening is re- 
quired, 1042 or 1045 may be inadequate 
when heavy sections are progressively 
hardened; so 1041, 1052 or an 
steel would be necessary 

3 In applications where wear resistance 
is of prime importance, it would be 
advisable to use a steel of 0.60 C or 
more to produce 
hardness. Steels of carbon content this 
high are often oil quenched to avoid 
the hazard of cracking in a water 
quench. Thus, greater hardenability 
may be needed with the higher carbon 
content 

In applications where a drastic quench 
in brine or caustic is required for 


steel part to 
quench would 
tee! of higher 
one 


alloy 


maximum surface 


hardening 1042 or 1045 and such 
quenching causes cracking, a steel of 
higher hardenability—either carbon or 
alloy hould be selected, which can 
be hardened by a less drastic quench- 


ing medium. 


Alloy Steels. The use of alloy steels 
for flame hardening applications is 
justified only for the following reasons: 


1 Where high core strength 
(before flame hardening) and where 
carbon steels are inadequate for the 
section sizes involved 

2 Where mass and design are such that 
an alloy steel must be used to avoid 


is required 


the excessive distortion and cracking 
hazards that would be engendered by 
the use of a carbon steel quenched 
in water 

3 Where suitable carbon steels are diffi- 
cult to obtain 


Steels such as 4135-H, 4140-H, 8640-H, 
8642-H and 4340-H are typical 

Carbon and alloy steel castings are 
widely used for flame hardening appli- 
cations, and the selection of a specific 
composition or grade is made on much 
the same basis as for the wrought car- 
bon and alloy steels 

For detailed information on the se- 
lection of steels, the reader may refer 
to the article “Selection of Construc- 
tional Steels” in the 1954 Supplement 
of the Metals Handbook 

Selection of Cast ren. Gray cast irons 


and pearlitic malleable irons having 
combined carbon contents from about 
025 to 085% are suitable for flame 


hardening. These cast irons respond to 
flame hardening the same as steel 

Cast irons having less than 0.25% 
combined carbon will not respond read- 
ily to flame hardening because of the 
inability of austenite to dissolve graph- 
ite during the extremely rapid heating 
of the flame hardening process. Malle- 
able iron, in which all the carbon is 
in graphitic form, is not amenable to 
flame hardening for this reason 

Cast irons having combined carbon 
contents greater than 0.85") are difficult 
to flame harden because of their inher- 


ent brittleness and susceptibility to 
cracking when they are heated and 
quenched rapidly The low melting 


point of cast iron and the presence of 
graphite in the microstructure make 
cast iron susceptible to “burning” or 
even local melting in flame hardening; 
therefore, extreme care is necessary 
when cast iron is hardened using equip- 
ment designed specifically for the flame 
hardening of steel, For example, the 
distance between the inner cone and 
workpiece can be increased or the flame 
velocity can be decreased, Smaller ori- 
fices in the flame head will also de- 
crease the rate of heating 

Further information is given 
article “Selection of Gray Cast 
page 21 in this Supplement 

Other Materials. Flame hardening 
can be applied to other hardenable fer- 
rous materials—-for example, alloy cast 
irons, martensitic stainless steels and 
tool steels. Such materials may be flame 
hardened if special properties are 
needed, such as increased hardenabil- 
ity, resistance to corrosion and extreme 
resistance to wear. The nature of the 
flame hardening process, especially the 
relatively high temperature gradients 
produced and the higher than normal 
surface temperatures, may cause reten- 
tion of excessive amounts of austenite 
in many of the highly alloyed materi- 
als, with possible low hardness and 
transformation to untempered marten- 
site in service, with accompanying 
brittleness 

Carburized parts of plain carbon or 
alloy steels can be flame hardened to 
provide a hard case having high carbon 
content. The depth of carburized case 
may vary from a few thousandths to 
1/16 in. or more. The flame hardening 
procedure is adjusted to heat the car- 
burized case to its full depth for hard- 
ening. Since the core of low-carbon 
steels so treated does not harden sub- 
stantially, the method provides a means 
of accurately controlling the depth of 
the hardened case. 


in the 
Iron”, 
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GAS CARBURIZING is defined as a 
process in which the carbon content 
of the surface of a ferrous alloy is in- 
creased by heating the ferrous alloy in 
@ gaseous atmosphere of such composi- 
tion that the alloy absorbs carbon. A 
ferrous alloy is case hardened by car- 
burizing and subsequently quenching 
from a suitable austenitizing tempera- 
ture. The resulting combination of a 
hard, wear-resistant or fatigue-resist- 
ant surface supported by a tougher, 
ductile core is of great value in many 
engineering applications. 


Sources of Carbon 


The function of a carburizing me- 
dium is to supply an adequate quantity 
of carbon for absorption and diffusion 
into the steel. In current commercial 
practice, the two main sources of car- 
bon are gases and easily vaporized 
hydrocarbon liquids 

Gases. The gases most commonly 
used are natural gas, “manufactured” 
gas and certain propanes (Table I). 
Butane is used infrequently and must 
be normal butane, not iso-butane. 
Where the demand for carbon is low, 
endothermic generator gas is a suitable 
source of carbon 

Natural gas and propane are the pre- 
ferred sources when available with 
high purity. Propane with sulfur con- 
tent up to 6 grains per 100 cu ft has 
been used without trouble. The best 
propane is derived from natural gas 
rather than from petroleum. Propane 
obtained as a by-product in oil refining 
frequently contains excessive amounts 
of ethylene, propylene and other un- 
saturated hydrocarbons that break 
down rapidly to oily soot or coke. 
Manufactured or city gas is frequently 
an undesirable source of carbon for 
carburizing. These gases are normally 
blends of coke oven gas, water gas and 
natural gas, which are maintained by 
law at a constant Btu heating value 
but have a variable chemical composi- 
tion that may change frequently in a 
24-hr period. This produces non- 
uniform carburizing, so this type of 
gas should not be used unless more 
effective gas is unavailable 

For uniform carburizing, circulation 
of the furnace gases is necessary. Since 
hydrocarbon gases provide large quan- 
tities of available carbon, relatively 
small flows of gas are required. The cir- 
culation resulting from gas flow alone 
is not always sufficient to produce uni- 
form carburizing. In such installations 
it is essential that the furnace have a 
high-volume fan for forced circulation 
of the gases to all parts of the work 
load. Forced circulation also helps to 
prevent deposition of excess soot 
A more common commercial practice 
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is to use an endothermic gas or a puri- 
fled exothermic gas as a carrier and to 
enrich it with one of the hydrocarbon 
gases. The ratio of carrier gas to hydro- 
carbon gas varies widely in industry 
but is usually in the range of 8-to-1 to 
30-to-1. The ratio used depends on the 
type of carrier and hydrocarbon gas, 
the furnace size and condition, amount 
of circulation and the work surface. 

Although the use of carrier gases re- 
sults in much better circulation because 
of the larger volume used, the addi- 
tional forced circulation provided by a 
fan is desirable in promoting maximum 
uniformity of carburizing. This is par- 
ticularly true of batch furnaces where 
the load density is great as compared 
with continuous furnaces where the 
loads are more open 

Liquids. Liquids also are used in 
rather large quantities as a source of 
carburizing gas. These liquids are 
usually proprietary compounds and 
range in composition from pure hydro- 
carbons such as terpenes, dipentine or 
benzene to oxygenated hydrocarbons 
such as alcohols, glycols or ketones 
They may also be blends of hydrocar- 
bons and oxygenated hydrocarbons. 
When a liquid is used it is normally 
pumped to a target plate in the furnace 
where it volatilizes rapidly, and the 
vapors then decompose thermally to 
provide the required carbon, with hy- 
drogen, methane and carbon monoxide 
as secondary by-products. 

Forced fan circulation is necessary 


Carburizing 


in furnaces where a liquid is used for 
the carbon source, in order to have 
the flow direction such that the 
volatilized vapors “crack” on the work 
surfaces. This results in the forma- 
tion of carbon on the steel surface 
where it can be absorbed immediately. 
The fan recirculates the “spent” gas, 
which acts as a carrier gas and dilutes 
the rich vapors to prevent excessive 
deposition of soot. Liquid sources can 
provide a chemically constant carburiz- 
ing atmosphere, and are most suitable 
for use in remote locations where gas 
is not readily available. As raw ma- 
terials the liquids are normally more 
costly than the carburizing gases 
However, when the use of gas requires 
a carrier gas generator, the over-all 
cost for gas may be higher than for 
liquids because of the cost of operating 
and maintaining the generator. 


Carrier Gases 


The large majority of gas carburiz- 
ing furnaces are operated with a car- 
rier gas added to the hydrocarbon gas 
that is utilized as a principal source 
of carbon. The four common carrier 
gases are listed in Table II. Class 102 
gas is listed but is not often used 

Class 102 gas by itself is decarburiz- 
ing, so its successful use depends en- 
tirely on the addition of hydrocarbon 
gas. Under these conditions the ratio 
of carrier gas to hydrocarbon gas may 
be approximately 1 to 1, which results 
in excessive deposition of free carbon 
(soot or coke) on the work and in the 
furnace 

Class 202 gas offers a moderate range 
of control, some carbon availability for 
carburizing and continuous operation 
with dew points of -50 F or lower 

Endothermic gas (class 302) is gener- 
ally the preferred type of carrier gas 
for use in gas carburizing furnaces and 
is the most widely used. It offers a wide 
range of carbon control, a moderate 
amount of carbon availability for car- 
burizing, and continuous operation 
without weekend shutdowns for burn- 
out when operating with dew points of 
+20 F and above 

Class 402 gas may be used as a car- 
rier provided the equipment is de- 
signed to give the required control and 
a high cost for maintenance can be 
accepted. 

Nitrogen gas is available from lique- 
faction plants, as a by-product from 


Supersedes the article on page 
688 of the 1948 ASM Metals 
Handbook 


hs 
— 


Natural gas (Kansas City) 


Commercial (normal) butane 


oxygen plants or from modified exo- 
thermic generators (class 201) 
itself is neutral, but in commercial form 
it usually contains one or more minor 
impurities that 


The inertness of pure nitrogen pre- 
sents a problem of carbon control when 
this gas is used as a carrier for hydro- 


capacity of the hydrocarbons to supply 
ratio of nitrogen 


100-to-1. Even more important, the hy- 


within limits of about 0.1% 
carburizing potential within the close 
ranges of +0.05°% C. To date, the major 


phere requirements are usually 1000 cu 
ft per hr, or more, and this flow is large 
enough to permit the use of control- 
lable amounts of hydrocarbon gas 


nitrogen as a carrier gas for carburiz- 
ing include the following 


carbon dioxide, free oxygen and water 
vapor, which must be removed or ren- 
dered inactive to steel by the addition 


quently the impurities vary in amount 


from time to time, thus making control 


tions is too expensive for use as a car- 


Ratio of 
Air to 


Method of Preparation 


Prepared nitrogen base with 
Prepared nitrogen base with 
Endothermic base completely re- 


breakdown of CO into C 


E. Shriner, from American Gas 
Section 
Complete Data Sheet is given as page 130-B of 1954 


air for complete combustion 
tiply the ratio of air to gas quoted by 05 for artificial gas high (f) 
in hydrogen; by 04 for artificial gas with medium H.,, high CO; 
by 2.5 for propane; by 3.2 for butane ' 
the CO will 
With propane and butane the reverse 


For other gases mul- 


somewhat higher 


(d) “Fuel gas required” represents the cubic feet of 1000-Btu 


Principal Gases Used as Sources of Carbon in Gas Carburizing 


Constituents of Gas, % by Volume Specific 
co oO, N co H CH, CH, CH Gravity 
83.4 15.8 061 
08 84 4.1 6.7 0.63 
22 08 6.1 63 465 32.1 35 05 ow“ 

(C,H., is 93.0, and C.H, is 7.0) 1.95 


Commercial propane, 95 
natural gas propane, 95 . 
CH, is methane, C,H, ethane, C.H, ethylene, C,H, benzene, C.H. propane, C.H, propylene, and C,H, butane 


rier gas. Generator nitrogen plus 
hydrocarbon gas may be noncombusti- 
ble and may present a health hazard 
because of small amounts of carbon 
monoxide that remain unburned as it 
leaves the furnace. Also, generators for 
producing nitrogen gas are more ex- 
pensive in initial cost and maintenance 
than the more suitable type of endo- 
thermic carrier gas generators. 


Equipment for Carburizing 


Gas carburizing may be carried out 
as either a batch or a continuous oper- 
ation. In general, for large-volume 
production of similar parts with total 
case depth requirements less than 0.125 
in. the continuous furnace is favored 

Batch Furnaces. There are three 
classes of batch furnaces: pit, horizon- 
tal and rotary retort. The pit-type units 
are suitable for all parts that require 
slow cooling and, with proper design of 
baskets or fixtures, parts can be 
quenched successfully. Tne horizontal 
units are more convenient for carburiz- 
ing and direct quench applications 
where the work is moved to an enclosed 
vestibule and quenched. For batches of 
less than 2000 Ib, the horizontal unit 
is an excellent furnace and, with an 
integral oil] quench system, it can be 
placed in production lines. The rotary 
retort type is well suited for parts that 
are not damaged while tumbling at 
carburizing temperatures and that are 
to be direct quenched. Retort life in 
these units is usually good, often 12,000 
to 15,000 hr of active life. 


Principal Carrier Gases Used in Gas Carburizing'’’ 


Composition, by Volume" 


' N co co Ho CH, 


715 105 5.0 12.5 05 

97.1 1.7 eee 12 ee 

75.3 11.0 ove 13.2 05 

39.8 20.7 oe 38.7 08 

“41 34.7 12 
revised. Compiled 


fuel gases 
medium H 


multiply 
Information 


(f) 155 


—40 135 


—40 160 


+ 25 to 200°") 


natural gas required to make 1000 cu ft of atmosphere 
by 2.0 for 
high CO artificial gas 
Costs (in dollars 


C,H, with or without C.H,; 
CH 1.52 


All furnaces should be as nearly gas- 
tight as possible in order to achieve 
good control. Before being placed in 


production, furnaces should be well 
“seasoned” by preheating and then 
carburizing for a minimum of 48 hr 
Small batch-type units can be shut 
down over weekends or during slack 
production times and, with proper 
heating up and conditioning, can be 


placed in operation almost immediately 

Because circulation of atmosphere is 
very important in a batch furnace, 
where economy dictates that the den- 
sity of load be high, a recirculating fan 
should be provided. Also, the furnace 
design should force the recirculated 
gases to follow a definite path through 
the load. Whenever possible, the work 
should be arranged to give turbulent 
gas flow without channeling, for maxi- 
mum heat transfer and uniform dis- 
tribution of atmosphere 

In pit furnaces, average life of heat- 
resistant alloy retorts or muffles and 
other heat-resistant alloy parts is about 
5000 to 10,000 hr for good practice. The 
life of alloy parts is extended by not 
subjecting them to sudden changes in 
temperature. When not in production, 
pit-type units should be maintained at 
1550 F with a minimum flow of car- 
burizing gases. Pit furnaces require a 
minimum of maintenance but should be 
burned out or mechanically cleaned at 
weekly intervals. This prevents loss of 
efficiency and the occurrence of hot 
spots. Radiant tubes have a normal life 
expectancy of about 8,000 to 14,000 hr 
before repairs are required 


Dew Coat 
Point Fuel $ per 

deg Gas 1000 Nature of 
Fahr Required’*’ cu Atmosphere 


0.085 Combustible 
toxic; medium 
reducing 

Noncombustible; 
inert 


0.100 


0.120 Combustible 
toxic; medium 
reducing 

0230 Combustible 
toxk very 
reducing 

Combustible 
toxk 


20 12.5 Ib 
charcoal 


0430 
extreme- 
ly reducing 

For other 
high H. artificial gas; 25 for 
0A for propane; 03 for butane 
per 1000 cu ft of atmosphere) are based 


on: natural gas at 40¢ per 1000 cu ft; electricity at l¢ per kw-hr 


gas requiring 946 water at 6¢ per 


is not included 


Room 
duced to 40 F by 
ig) Dew point is 


be slightly lower 


phere for 


1000 gal 


temperature 
refrigeration unit, or to 
varied by 
going to the generator 
(at the generator) from 

(h) Plus 250 cu ft of fuel gas per 1000 cu ft of prepared atmos- 
heating retort 


charcoal at 2'y¢ per ib. Amortization 


(cooling by tap water). May be re- 
50 by absorbents 
changing the ratio of air to gas 
Most carburizing is done with dew point 


10 to +20 F 
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Table 
Gas 
Natural gas on 
ce 
eat 
carrier gas to hydrocarbon gas must 
be large—of the order of 50-to-1 to 
t led 
use of nitrogen as a carrier gas has 
been confined to furnaces of large 
work-holding capacity and internal 
volume such as steel mill annealing 
covers. In such furnaces the atmos- 
of 
we ns 
of rre- 
diff ll I in m 
Table 
| 
Class Cos 
102 Exothermic base with rich 
mixture 
201 
90 
202 
60 
302 
a eli inate 
402 Charcoal base 
(a) Metal Progress Data Sheet 78. slight! 
originally by 
Assoc Indu 
Letter No. 9 
(b) A ‘ Bt t 
w 


Continuous Furnaces. Continuous gas 
carburizing can be accomplished in 
furnaces of the following types: chain 
belt conveyer, shaker or vibrator 
hearth, rotary hearth, rotary retort, and 
pusher. The construction of any con- 
tinuous carburizing furnace must be 
such that air infiltration and con- 
tamination of the carburizing atmos- 
phere by the quenching medium are 
kept at a minimum. In some types the 
furnace shell itself provides the neces- 
sary seal; with this construction all 
seams and joints must be welded gas- 
tight. In other continuous furnaces an 
alloy retort or muffle is used to provide 
an atmosphere seal. In furnaces that 
include direct quenching after car- 
burizing, and in which the quenching 
medium also provides an atmosphere 
seal, it is often necessary to provide 
means of preventing the quenching 
vapors from contaminating the furnace 
atmosphere. This is particularly true 
when the quenchant is a water solution. 

The chain belt conveyer, shaker 
hearth and rotary hearth furnaces are 
generally used for the lighter case 
depths of 0.020 to 0.025 in. or less. The 
rotary retort furnaces are frequently 
used for case depths of 0.075 in 

The pusher furnace is by far the 
most widely used type of continuous 
carburizing unit. Its construction 
usually consists of a gastight welded 
shell with gas-fired radiant tubes or 
electric elements for heating. The work 
is pushed through on trays with or 
without fixtures and, after completion 
of the carburizing cycle, may be 
quenched or cooled slowly as required. 
Circulating fans may or may not be 
used, but are often advisable for more 
uniform temperature and carburiza- 
tion. Most pusher-type furnaces are 
built with purging vestibules at the 
charge and discharge ends in order to 
reduce dilution of the furnace atmos- 
phere by air. In many applications the 
continuous carburizer and quench are 
coupled with washing and tempering 
equipment to provide a fully mecha- 
nized heat treating line 


Maintenance 


Following is a typical maintenance 
schedule for a pusher-type continuous 
furnace and auxiliary equipment: 


Dally 


Check temperature instrumentation. 
Check level of oil for quenching. 
Check flow of atmosphere gas and 
furnace pressure 


ene 


4 Check dew points and compositions of 
generator and furnace gases. 
5 Check level of hydraulic oil. 
6 Check flow of lubricating oil to fans. 
Weekly 
1 Clean washer, 
2 Grease all fittings. 
3 Clean air filters 
4 Clean orifice plates on atmosphere 
inlets and exhaust 
5 Inspect fixtures and trays. 
6 Inspect safety devices 
Monthly 
1 Burn out carbon deposits in the fur- 


nace. CAUTION: All the atmosphere 
gas must be removed first. The burn- 
out must be done with restriction on 
the amount of air to be admitted to 
the furnace chamber to prevent the 
rapid oxidation of the carbon, thus 
preventing overheating of the furnace. 


Every Six Months 


1 Shut furnace down cold 
2 Vacuum clean furnace interior. 
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3 Inspect thoroughly and repair all alloy 
parts such as rails, fans, radiant tubes 
and work-handling fixtures. 

4 Drain and clean quench tank 

5 Drain and clean parts washer 

6 Inspect and clean tempering unit 

7 Inspect and repair furnace brickwork. 

8 Check all doors for possible leaks 

9 Inspect and clean all electrical con- 
tactors, solenoid valves, switches and 
motors 

10 Inspect and clean all heat exchangers 

11 Clean the exterior and repaint furnace. 


Safety 


The gaseous carburizing mediums 
are highly toxic, highly flammable and 
form explosive mixtures rapidly. Piping 
and associated equipment should be 
carefully installed and maintained to 
prevent leaks. Operating personnel 
must be instructed carefully in the 
proper procedures for handling the 
various gases and liquids safely. Prin- 
cipal precautions are outlined in the 
Metal Progress Data Sheet published 
as page 112-B, Nov 1954. Additional 
data concerning the storage and han- 
dling of these materials are given in 


three pamphlets entitled “Fuel Gas”, 
“Flammable Liquids”, and “Liquid 
Petroleum Fuel Gases”, published by 
Factory Mutual Engineering Div., Nor- 
wood, Mass. Insurance safety repre- 
sentatives can give helpful advice about 
storage and handling facilities. 

Many carburizing units use propane 
gas either for heating or as an enrich- 
ing gas in carburizing. Propane is 
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Fig. 1. Range of Measurements of 
Diameter Before and After Carbu- 
rizing and Hardening 2's-Lb Dif- 
ferential Side Gears of Forged 
8622-H Steel, Marquenched to 400 F 


heavier than air, and if leaks are 
present in the propane system, the gas 
will settle out in low places such as the 
pits under furnaces. Insurance com- 
panies have records of many fires and 
explosions caused by propane leakage. 
When propane is used in heat treat- 
ing, a continuous alarm system may be 
employed. A device of this type con- 
tinuously samples the atmosphere in 
furnace pits and other designated 
areas. If propane leaks occur, an alarm 
is sounded before the mixture reaches 
an explosive stage, and the gas can be 
diluted with air through the use of cir- 
culating fans or exhaust vents. 


Preparation and Handling 
of Parts 


Before carburizing, machined parts 
should be as near final dimensions as 
possible so that the outer, most effec- 
tive case will not have to be ground 
off after carburizing, in order to meet 
dimensional requirements. Anticipated 
changes in dimensions during carburiz- 
ing and hardening can be determined 
by careful measurement and machining 
limits established from such data 
Methods of machining and quenching, 
case depth, size of section and grade 
of steel affect the amount of dimen- 
sional change. Figure 1 shows the 
ranges of dimensions before and after 
carburizing and hardening for a 2'-lb 


: 


differential side gear forged from 8622- 
H and marquenched to 400 F. 

While parts are being transferred 
from the machine shop to the carburiz- 
ing furnace, they should be handled 
carefully to avoid nicks and surface 
damage that are costly to correct after 
hardening. 

Cleaning. All parts should be thor- 
oughly cleaned before they are charged 
into the furnace. These are some of the 
contaminants and their effects: 


1 Sulfur-bearing oils or sulfur com- 
pounds react in furnace atmosphere to 
decrease the carburizing action and 
also the life of heat-resistant alloy 
parts and protective copper plating. 
Lead oxide in lathe centers retards 
carburization and should be removed 
if carbon penetration is important at 
that point. Lead will interfere with 
the surface protection afforded by 
copper plating and will reduce the 
life of heat-resistant alloy parts. 
Organic paints should be used for 
marking, rather than the lead-base 
Pigment type 
Iron oxides must be removed. Many 
gears are only partially machined, 
leaving the hubs and webs with the 
as-forged surface. If these were car- 
burized without cleaning, the oxides 
would become flaky and spongy, fall- 
ing off in assemblies, damaging bear- 
ings and contaminating lubricants. 
Alkaline solutions are sometimes used 
for rust prevention on machined parts 
that are stored for a short time before 
carburizing and also to remove oil 
from the parts before carburizing. 
However, the residues from such solu- 
tions collect soot from the furnace 
and give a dark, dirty appearance to 
parts coming from the quench. Parts 
that require protection by alkaline 
powder during storage, should be 
rinsed thoroughly in uncontaminated 
hot water and allowed to dry before 
being charged into the carburizing 
furnace. Alkaline residues will also 
affect heat-resistant furnace alloys 
adversely. 

5 Quenching salts may leave residues 
that are difficult to remove from trays, 
fixtures and work containers. If the 
same fixtures are later reused in fur- 
naces, the atmosphere will be affected 
adversely 
Water in small amounts wil! upset the 
thermochemical balance of the furnace 
atmosphere. To avoid this, parts enter- 


Fig. 2. Representative Methods of Loading Parts on Fixtures for 


ing the furnace should therefore be 
thoroughly dry. 

7 Trays should be degreased by burning 
off organic matter in a furnace 

8 Trichloroethylene residues from im- 
proper cleaning procedures can cause 
severe etching of the work. 


Loading Methods. To obtain the 
maximum net load that can be car- 
burized and quenched uniformly, the 
method of supporting the work in the 
furnace by trays, baskets, screens, 
Spacers or other fixtures should be 
worked out carefully. Contact between 
the work and trays or baskets should 
be minimized. Contact between parts 
likewise is detrimental to uniformity 
of product. Overly dense loads result 
in the same damaging effects — uneven 
case and quench. The size and shape of 
parts will determine the method of 
loading for proper gas circulation and 
uniformity of hardening in the quench 
for parts that are quenched directly on 
fixtures 

Representative tray and fixture load- 
ing methods for use in continuous fur- 
naces are illustrated in Fig. 2. 

The bottom of the basket or tray 
must allow as much circulation as pos- 
sible through it. Supporting fixtures, 
trays and baskets may be made from 
cast or wrought heat-resisting alloys. 
Welding should be done correctly, since 
any porosity or unevenness of surface 
may reduce the useful life of the alloy 
weldment. 

The life of cast heat-resistant alloy 
in carburizing atmospheres is appar- 
ently governed more by the soundness 
of the casting than by any other factor. 
Rolled alloy is normally not subject to 
serious gas attack but may carburize 
Rolled alloy is serviceable longer than 
cast alloy, provided the structure is not 
subject to failure in welds. 

Quenching of Parts. When the load 
is removed from the furnace, it should 
be transferred to the quenching me- 
dium in the shortest time possible, be- 
cause in an atmosphere-protected 
quench any delay will result in cooling 
of the surface. In removing parts into 
air for die quenching or for other 
reasons, the parts give up carbon rapid- 
ly, producing decarburized skin or scale. 


Commercial Carburizing 
Practices for Undiluted 
Hydrocarbon Gases or Liquids 


Undiluted hydrocarbon gases or 
liquids are normally used only in batch- 
type furnaces having effective door and 
cover seals and fans for recirculation 
Because of the infiltration of air into 
continuous furnaces where the doors 
must be opened and closed for charg- 
ing and discharging, a large volume of 
gas must be fed into the furnace. Since 
a large flow of hydrocarbon gas or 
liquid would cause excessive sooting, 
undiluted hydrocarbon gases or liquids 
are not employed in continuous fur- 
naces; combinations of carrier gas and 
hydrocarbon gas are used 

In the normal operation of “sea- 
soned" batch-type units, carburizing 
with undiluted hydrocarbon gases or 
liquids, the furnace is first brought to 
temperature with full gas or liquid 
flow above 1400 F and clean parts are 
then loaded into the hot furnace. The 
carburizing temperature is normally 
between 1650 and 1725 F. For most 
steels, 1700 F is used; for the more 
highly alloyed steels, such as 3310, 9315 
and 4815, a temperature of 1650 F is 
more common 

For pit-type batch furnaces gas pres- 
sures from 03 to 6 in. of water are 
usually employed, depending on the 
type of seal. The carburizing fluids, 
whether natural gas, propane or oil, 
and the carburizing cycle, can be 
regulated for various desired surface 
carbon contents. The total case depth 
can be measured on specimens of steel 
similar to that being carburized (see 
article on page 686 of the 1948 Metals 
Handbook). The load is removed when- 
ever the test specimens show the de- 
sired case. If the load must be trans- 
ferred to a cooling pit, it is desirable 
to reduce the furnace temperature 
about 200 F below carburizing tempera- 
ture, to minimize decarburization and 
oxidation during transfer 

The demand for carbon by the steel 
surface is greatest when the work first 
reaches carburizing temperature. To 
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minimize sooting, the hydrocarbon flow 
may be decreased progressively in ac- 
cordance with the decreased demand. 
For a cycle in which the time at car- 
burizing temperature is 9 hr, one third 
of the total carbon absorbed by the 
steel will be absorbed in the first hour, 
one third in the next 3 hr and one 
third in the last 5 hr. 


Table Ill. Efficiency of Carbon 
Utilization in a Batch Furnace 


Absorbed, % 


Carbon in 


Carbon in 
Fiuid, Ib 
Steel, Ib 


Total 
Carbon 


0.109 
0.128 
0.151 


1440 sq in 


, 100 Ib; surface area, 


The efficiency of carbon utilization 
for a typical batch-type carburizing 
charge where the flow of carburizing 
medium was maintained constant for 
7 hr is shown in Table ITI. These data 
indicate how the efficiency drops off to 
10% or less, after about the third hour 
of carburizing and indicate the need 
for decreasing the flow of carburizing 
medium to obtain greater efficiency and 
less deposition of soot as the time cycle 
progresses. 

Table IV gives typical carburizing 
procedures for a pit retort-type unit 
operated on liquid or propane gas for 
carburizing 2512, 2515, 3310, 9310 and 
4815, to various total case depths with 
a desired surface carbon content of 
1,00 to 1.06%. For operation on natural 
gas, flow rates would be in the range 
of 12 to 18 cu ft per hr for carburizing 
and 3 to 9 cu ft per hr for diffusion. 


Costs 


A summary of costs for gas carburiz- 
ing in batch furnaces, comparing two 
types of work in two plants, is given in 
Table V. These costs were compiled for 
the following conditions: 


Plant A. Batch-type furnaces, gas 
heated; 8500 tons of steel parts per year, 
the parts varying in weight from 1.5 to 
75 ib each; production time, 8400 hr 
per year; case depth 0.060 to 0.095 in. 


Piant B. Different type of part, dif- 
ferent steel, different equipment; 10,000 
tons of parts; uninterrupted production, 
2 «hr per day, 7 days per week, case 
depth between 0.050 and 0.090 in. 


More complete information is avail- 
able in the article entitled “The Cost 
of Heat Treating”, om page 128, 1954 
Supplement of the Metals Handbook. 
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gas. If minimum sooting is desired, the 
flow of natural gas may be decreased 
as the cycle progresses, since the rate of 
carbon absorption at the surface of the 
steel decreases with elapsed time, as 
shown in Table III. 

High rates of carrier gas flow with 
or without hydrocarbon gas may be 
required for purging batch furnaces to 
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Fig. 3. Plan View of a Continuous Three-Row Carburizing Furnace Adapted 


for the Saturation- 


Commercial Carburizing 
Practices for Carrier Gas 
Plus Hydrocarbon Gas 


The great majority of gas carburiz- 
ing furnaces utilize combinations of 
carrier gas plus hydrocarbon gas. The 
use of undiluted hydrocarbon gas has 
been virtually eliminated in furnaces 
of the continuous type 

Introduction of Atmosphere. In batch 
furnaces, metered amounts of each gas 
are premixed and introduced into the 
carburizing chamber in sufficient quan- 
tities to insure correct operating con- 
ditions. This includes enough flow of 
atmosphere to maintain positive fur- 
nace pressure, to prevent infiltration of 
air and to carburize the work 

The location of the atmosphere gas 
inlet is important. The most logical 
and successful point for introduction 
is in the path of good gas circulation, 
for thorough mixing, but at a spot that 
will avoid direct impingement of the 
freshly added atmosphere on the work. 
This will usually avoid localized sooting 
and nonuniform carburization. 

Flow Rates. Because of the small 
volume and tight chamber of batch- 
type furnaces, rather small volumes of 
gas are required. For a pit furnace 
having a work chamber of 25-in. diam 
and 36 to 48-in. depth, gas flows com- 
monly used are 50 to 100 cu ft per hr 
of carrier gas and 8 to 15 of natural 


Table IV. Typical Carburizing Procedures for a Pit Retort-Type Furnace 
Using Undiluted Fluids 


Diffusion 


§ 
a 


Case Depth 
to Core 
Carbon, in, 


to 
to 
to 
to 
to 
to 
to 
to 
to 
Work container, 25-in. diam by 36 in 


temperature, 1650 F. Time shown is time 


deep 
300 Ib, consisted of aircraft gear parts, packed 
at 


id, 
h 


Liquid 
pints/hr 
or 
Propane 
eu ft/hr 


Liqu 


“eee ee 

re 


13 
net weight 
Carburizing 
by recorders 


5 
Load of gross weight 900 Ib, 
and spaced in the container 
temperature as indicated 


Desired surface carbon content (aim) was 1.00 to 1.05% 
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Diffusion Method 


prevent oxidation of the newly charged 
work. This is particularly important 
when the work is copper plated to pre- 
vent carburizing of certain areas of 
the part. The protective copper can be 
destroyed rapidly by an oxidizing at- 
mosphere at elevated temperature 

The high flow of hydrocarbon gas 
during the first part of the carburizing 
cycle is cut down or shut off during 
the diffusion and cooling cycles. This 
“program control”, either manual or 
automatic, is designed to maintain con- 
trol of carbon potential during all 
stages of batch carburizing 

In continuous gas carburizing fur- 
naces good operating practice is not 
simply a matter of program control 
of gas ratios over a timed period. 
Rather it becomes a more complex ar- 
rangement of zoned control of gas 
ratios along the length of the furnace. 
To combine a carbon saturation and a 
diffusion cycle in a continuous furnace, 
required amounts of atmosphere gas 
must be provided from multiple inlets 
staggered along both sides of the 
furnace for better distribution of at- 
mosphere. The mixture of carrier and 
active gas introduced through the ports 
of the various zones may be the same 
or may be varied purposely. Figure 3 
illustrates a continuous three-row car- 
burizing furnace adapted for the sat- 
uration-diffusion method of car- 
burizing. Multiple manifolding for at- 
mosphere distribution is shown. Main- 


Table V. Costs of Gas Carburizing in 
Batch Furnaces in Two Plants 
(Cost per ton 
Plant A Plant B 


$22.00 
792 
17.14 


Item 


Direct labor 
Indirect labor . 
Expendable supplies 
Maintenance 

Labor 

Materials 


3.65 
21.52 


Cost per ton $72.23 


Cost per pound 0.0361 


Detailed analysis of costs for Plant A are 
given in Tables VII to XII of the article 
on page 128 of the 1954 Supplement to the 
Metals Handbook. The total costs are 31% 
higher than the total of the five items that 
are shown here 
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tenance of different carbon potentials 
in the different zones, as required by 
the saturation-diffusion treatment, will 
require suitable built-in baffle arches at 
certain locations within the furnace. 
Also, correct directional flow of effluent 
gases from the ends of the furnace 
must be established and maintained. 

In the operation of a multiple-row 
gas carburizing furnace, it is sometimes 
desirable to operate each row at a 
different pushing speed in order to 
produce two or more different car- 
burized case depths simultaneously. The 
weight in pounds per hour of the steel 
loaded on the different rows must be 
approximately balanced to insure all 
rows coming to temperature at about 
the same point in the furnace. Thus 
slower moving rows are not subjected to 
“shadowing” from the faster moving 
rows. By establishing a uniform zone 
for heating all work regardless of dif- 
ferences in rate of movement through 
the furnace, the atmosphere can be 
controlled in the succeeding zones so 
that all work, even though of different 
case depth from row to row, will have 
the same controlled carbon treatment. 

It is advisable to set some practical 
limits on the different case depths to 
be obtained from row to row. The most 
commonly accepted limits are about 
0.015 to 0.020-in. differential for 
trouble-free operation. 

For large continuous furnaces, the 
required flow of carrier gas to the car- 
burizing chamber in order to produce 
adequate furnace pressure is from 1 to 
3 volume changes per hour 

Natural gas as the active addition 
agent will range from 3 to 15% of the 
carrier gas. For propane, 1 to 5% will 
give equivalent carbon in the atmos- 
phere. The rate of flow of each gas is 
continually measured and indicated 
either by visual flow meters or by a 
manometer connected across an orifice 
of known diameter. 

Dense loads of large surface area 
will require somewhat higher ratios of 
hydrocarbon to carrier gas to insure 
uniform carbon concentrations and 
case depths throughout the load. This 
factor is more critical in applications 
where the degree of recirculation is 
low or nil. 

Furnace pressures of 0.2 to 03 in. 
of water are common and can be meas- 
ured most accurately by means of a 
draft gage. The presence of burning 
gases at the effluent ports at the top 
of the furnace is not an indication of 
positive pressure in the furnace. The 
hot gases are lighter than air and will 
rise. While they are burning out of the 
effluent port, air may be drawn into 
the furnace through leaks in the bot- 
tom casing or around fan shafts. This 
emphasizes the need for tightly built 
and maintained furnaces for continu- 
ous gas carburizing under conditions 
requiring carbon control. 

The time interval between door 
openings on continuous furnaces may 
range from less than 5 min to 40 min 
or more, depending on the length of 
the furnace and the case depth re- 
quired. Parts such as automotive ring 
gears that are quenched individually in 
presses directly from the carburizer 
may require the opening of an auxiliary 
slot type of door every 30 sec. In gen- 
eral, greater total gas flows and richer 
mixtures are required for applications 
where door openings are frequent. Ves- 
tibules may be swept out with natural 


gas immediately after the outer doors 
are opened and closed 

Mixing. Almost always, the carrier 
gas is mixed with hydrocarbon gas out- 
side continuous furnaces. This may be 
done with individual mixers at each 
inlet or by one or more central mixing 
stations from which the mixtures are 
manifolded to several furnace inlets. 
With central mixing stations a constant 
ratio of carrier gas plus hydrocarbon 
gas can be maintained at any or all 
sections of the furnace regardless of 
intentional flow changes or accidental 
changes in line pressures of either car- 
rier gas or hydrocarbon gas. 

A constant-ratio mixing station may 
be an arrangement of correctly sized 
orifice plates in the carrier gas and 
hydrocarbon gas supply lines aug- 
mented, in the hydrocarbon gas line, 
with a pressure regulator that is back- 
loaded from the carrier gas supply line. 
In this manner the supply pressure of 
hydrocarbon gas is made dependent on 
the supply pressure of the carrier gas, 
and the respective gas flows across both 
orifices are maintained at constant 
ratio over a wide range of gas flows. 


Sooting 


An excessive amount of free carbon 
(soot or coke) deposited on the work 
and in the furnace causes loss of con- 
trol of the carbon potential, uneven 
carburizing, deterioration of furnace 
alloy and refractory, high cleaning costs 
and unpleasant working conditions 

Sooting has always been a problem 
in gas carburizing. It can be minimized 
by the choice of atmosphere; for ex- 
ample, the more common use of car- 
rier gas plus hydrocarbon gas, rather 
than straight hydrocarbon fluid. The 
problem can also be minimized by a 
judicious choice of flow rate so as to 
give a rapid rate of carburizing with- 
out excessive sooting. Another effective 
method includes the use of a diffusion 
cycle, which in many instances per- 
mits the soot to be removed from the 
work by reaction with the carrier gas 
or with regulated amounts of air intro- 
duced for that purpose 

In muffle, pit or batch furnaces, soot 
presents a greater problem because a 
relatively smaller volume of gas is 
usually changed from three to five 
times per hour in order to insure avail- 
ability of carbon. In large, continuous, 
radiant-tube furnaces where the ratio 
of gas volume to the area to be car- 
burized is much greater, the atmos- 
phere is changed from one to three 
times per hour. 

Parts are frequently processed in pit 
furnaces and transferred to cooling pits 
when finish machining is required be- 
fore hardening. Under such conditions 
it is sometimes advantageous to have 
a small amount of soot on the parts to 
protect them against decarburization 
and oxidation during transfer 

Soot deposition in endothermic 
generators can be minimized by oper- 
ating at air-gas ratios set to produce 
carrier gas of dew point greater than 
+10 F, and by operating the genera- 
tors at a uniform flow, allowing the 
surplus gas to be exhausted instead of 
attempting to regulate the flow to the 
demand, if the demand varies over a 
wide range 

Most continuous carburizing furnaces 
are “burned out” periodically to re- 
move soot when the furnace is empty 


during a weekend. This is accomplished 
by partially opening the doors to allow 
air to flow through, or by introducing 
controlled quantities of air from the 
combustion blower through a series of 
ports along both sides of the furnace 
and under the furnace hearth. When 
starting up a furnace after such a 
“burnout”, the hydrocarbon additions 
may have to be increased for the first 
8 to 16 hr of operation to give the 
desired carbon potential. More hydro- 
carbon may also be required when new 
trays or other new alloy parts are first 
put into the furnace. When such a 
situation exists, the furnace is said to 
be “underconditioned”. 


Low Surface Carbon 


Most steels can be carburized by the 
carbon saturation-—carbon diffusion 
type of cycle to produce surface car- 
bon content well below saturation; for 
example, from 0.90 to 100% C 

There is a strong trend in present 
carburizing practice toward surface 
carbon concentrations of eutectoid 
composition or slightly higher. With 
the leaner alloy steels now being used, 
it becomes increasingly important to 
utilize the full hardenability of the 
steel. Maximum hardenability of the 
alloy carburizing steels most commonly 
used is obtained at carbon concentra- 
tions near eutectoid composition, The 
excess carbides commonly found with 
high carbon concentrations promote 
the formation of transformation prod- 
ucts other than martensite, and may 
also remove part of the carbide-form- 
ing elements from the austenite, thus 
decreasing the effective hardenability. 

Low carbon concentrations at the 
surface also permit the economy of 
direct quenching of work from the car- 
burizing furnace, instead of reheating. 
Direct quenching of carburized parts 
having high surface carbon concentra- 
tions favors the retention of austenite. 
Such austenite is undesirable because 
it lowers the indentation hardness of 
the case and promotes secondary hard- 
ening with the formation of untem- 
pered martensite, which may change 
the dimensions of the finished parts as 
well as embrittle them 

Where surface carbon concentrations 
near eutectoid composition are desired, 
a multiple-manifold arrangement may 
be used by which part of the carrier 
gas and all of the hydrocarbon gas are 
introduced through ports in the front 
portion of the carburizing zone where 
the carbon demand is high. The gas 
supplied to the other zones is carrier 
gas only, with the carbon potential 
adjusted to give the desired fina! sur- 
face carbon concentration 

Since, for a given carbon content of 
the core, the diffusion rate of carbon 
in austenite decreases with a lowering 
of surface carbon concentration, this 
“starved carbon” method requires a 
longer cycle. Also, good reeirculation 
of gases is essential. The atmosphere 
adjacent to the work becomes quickly 
depleted of available carbon, and if 
stagnant areas are allowed to exist, 
excessively low surface carbon concen- 
trations and shallow case depths on the 
work in these areas will result. Many 
continuous carburizers recently in- 
stalled for this type of carburizing have 
recirculating fans, and similar fans are 
being installed in some of the older ex- 
isting furnaces 
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Fig. 5. Carbon Gradients in Four 
Steels After 4 Hr at 1600 and 1700 F 
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Fig. 4. Carbon Gradients in 1020 
Steel, Carburized 4 Hr at 1600, 1650 
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Control of Case Depth and 
Carbon Concentration Gradient 


The carbon concentration gradient of 
carburized parts is influenced by the 
carburizing temperature and time, type 
of cycle (various combinations of car- 
burizing and diffusion times), the car- 
bon potential of the furnace atmos- 
phere and the original steel composition. 

Figure 4 illustrates the influence of 
carburizing temperature on the carbon 
gradient for normal carburizing (that 
is, with saturated austenite at the sur- 
face) for a 1020 steel carburized in a 
typical batch-type unit 

Carbon gradient curves obtained in 
a typical batch-type unit giving satu- 
rated austenite at the surface are 
shown for four carburizing steels in 
Fig. 5. Figure 6 illustrates two types of 
gas carburized cases obtained in the 
same continuous furnace operating 
under identical time-temperature cycles 
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Fig. 6. Carbon Gradients from Con- 
tinuous Carburizing Furnaces 
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Fig. 7. Carbon Gradients in Test Bars of 1022 Steel Carburized at 1685 F 


0,80 


S 
> 
=) 


in 20:40 CO:H, Gas with 1.6 and 38% CH, Added (H. M. Heyn) 
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but with different conditions of atmos- 
phere control 

The case with the higher carbon con- 
tent at the surface in Fig. 6 was pro- 
duced without consideration of high 
demand for carbon early in the car- 
burizing cycle and low carbon demand 
during the final part of the cycle. A 
uniformly distributed mixture of car- 
rier gas plus hydrocarbon gas was 
admitted at various points along the 
length of the furnace. The ratio of 
carrier gas to hydrocarbon gas was 
high enough to insure minimum soot 
deposition during the carburizing and 
cooling portions of the cycle 

The other curve in Fig. 6 was pro- 
duced under identical conditions, ex- 
cept for the distribution of atmosphere 
within the furnace; the total amount of 
hydrocarbon gas required was admitted 
at several points in the carburizing 
zones, with the greatest amount added 
in the first of these zones. Carrier gas 
without enrichment was added in the 
diffusion and cooling zones 

The typical influences of carburizing 
time and carbon potential of the fur- 
nace atmosphere on the carbon gradient 
in a 1022 steel (plotted as average 
carbon at the cut midpoint) are shown 
in Fig. 7 and 8. 


Temperature 


The maximum rate at which carbon 
can be added to steel is limited by the 
rate of diffusion of carbon in austenite. 
The diffusion rate increases greatly 
with temperature and the rate of car- 
bon addition at 1700 F is about 40% 
greater than at 1600 FP. 

The temperature most common for 
carburizing is 1700 F. This temperature 
gives a satisfactory compromise be- 
tween a rapid carburizing rate and 
reasonable maintenance of furnace 
equipment, particularly heat-resisting 
alloys. For shallow case carburizing 
where the case depth must be within a 
narrow specified range, lower tempera- 
tures are frequently used, since case 
depth can be more accurately con- 
trolled with slower rates of carburizing. 

For consistent results in carburizing, 
it is important that the temperature 
be uniform. Uniformity in various lo- 
cations throughout the work load de- 
pends on furnace design, load density, 
recirculation and heating rate. With 
high density of load, batch furnaces 


should be provided with a recirculating 


fan (see “Batch Furnaces”, page 133). 
For a given density of load the dif- 
ference in temperature between the 


outer and inner portions of the load 


may be high at carburizing tempera- 
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Fig. 8. Carbon Gradients in 1022 Steel, Carburized with 20:40 CO:H, Gas Containing Enough H,O to Produce Carbon 


METAL PROGRESS; PAGE 138 


Potentials of 0.50, 0.75 and 1.10% C; Temperature 1685 F (H. M. Heyn) 
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tures, because the outside of the load 
is heated primarily by radiation and 
the rate of heating is rapid at carburiz- 
ing temperatures. Also, the ability of 
the recirculated gas to decrease such 
differences in temperature is limited 
because of the low density of the gas 
at these temperatures 

At lower carburizing temperatures 
(1550 to 1600 F) a given difference in 
the time required for different parts 
of the load to reach temperature has 
a smaller effect on the case depth. 

Other factors that cause high tem- 
perature differences are high ratio of 
surface area to volume of the indi- 
vidual parts, and high heat input 
Nothing can be done about the ratio 
of surface to volume, but heat input 
can be regulated automatically with 
what is known as a heat input con- 
troller, to minimize temperature differ- 
entials throughout the load 

For best control in batch furnaces 
the thermocouple should be placed so 
that it reaches control temperature be- 
fore any part of the charge. In con- 
tinuous furnaces, the thermocouple 
should be as close as possible to the 
work without danger of interfering 
with the flow of work through the fur- 
nace. For facility in checking, the ther- 
mocouple and protection tube are usu- 
ally located through the sidewall of 
the continuous furnace. Since the first 
zone of a continuous furnace is a heat- 
ing zone, the temperature-control ther- 
mocouple of this zone should be placed 
near the last part of the zone to insure 
against overheating the work. The 
thermocouple in the carburizing zones 
should be approximately in the middle 
of the zone. When the temperature of 
the last zone is lower than the car- 
burizing temperature, for quenching 
purposes, best control is obtained by 
having the control couple near the dis- 
charge end of the zone 

If the chromel-alumel thermocou- 
ples commonly used at carburizing 
temperature are allowed to come in 
contact with reducing gases like those 
in the carburizing chamber, accuracy 
of the couple is rapidly destroyed. Pro- 
tection tubes are required. 

Virtually all carburizing furnaces 
now in use have satisfactory automatic 
control of temperature. However, er- 
rors in measurement of temperature do 
occur occasionally Because of the 
value of the machined parts contained 
in large furnaces, in addition to the 
value of the equipment itself, frequent 
temperature checks are advisable. 


Effect of Time 


F. E. Harris has developed a formula 
for the effect of time and temperature 
on case depth for normal carburizing 
(Metal Progress, Aug. 1943): 


21.6 


700 
10( ) 

7 
where case depth is in inches; ¢t is 
time at temperature, in hours; and T 
is the absolute temperature (deg Ran- 

kine = deg Fahr + 460) 

For a specific carburizing tempera- 
ture the relationship becomes simply: 


Case Depth = K /t 
= 0.025 /t 
= 0.021 


0.018 /t 


Case Depth 


for 1700 F 
for 1650 F 
for 1600 F 


Table VI. Values of Case Depth 
Calculated by the Harris Equation 


Case Depth 
Time, t, after Carburizing at 
hr 1600 F 1650 F 1700 F 


0.025 
. 0.085 
0.050 
0.061 
0.071 
0.079 
0.086 
. 0.097 


0.030 
0.042 
0.060 
0.073 
0.084 
0.094 
0.103 
0.116 0.137 
. 0.108 0.126 0.150 
Case depth = 0.025 for 1700 F; 0.021 
Vt for 1650 F; 0.018 \/? for 1600 F 
For normal carburizing (saturated aus- 


tenite at the steel surface during time at 
temperature) 


0.035 
0.050 
0.071 
0.087 
0.100 
0.112 
0.122 


Values of case depth calculated for 
three common carburizing tempera- 
tures are given in Table VI 

When carburizing is purposely con- 
trolled to produce surface carbon 
concentrations somewhat less than 
saturated austenite, the case depth will 
be slightly less than shown by the 
Harris equation. The case depth deter- 
mined by the equation is total case 
depth and for case depths in the range 
from 0.040 to 0.070 in. will correspond 
to a point on the carbon gradient 
where the carbon concentration is 
about 0.07% C higher than the carbon 
content of the core 

In addition to the time at carburiz- 
ing temperature, several hours may be 
required for bringing the work to 
operating temperature For work 
quenched directly from the carburizer, 
the cycle may be further lengthened to 
allow time for the work to cool from 
carburizing temperature to a quench- 
ing temperature of perhaps 1550 F 
Although some diffusion of carbon 
from case to core occurs during this 
time, diffusion is slower than it would 
be at the carburizing temperature. This 
period may be used deliberately as a 
moderate diffusion period to lower the 
carbon concentration at the surface 
by maintaining an atmosphere of low 
carbon potential in contact with the 
work during this time 

F. E. Harris has also developed a 
method for calculating the carburizing 
time and diffusion time to produce a 
carburized case of predetermined depth 
and carbon concentration at the sur- 
face (Metal Progress, Aug 1943). This 
method is most adaptable to batch- 
type equipment. Successful application 
requires a _ well-conditioned furnace 
and a carrier gas of low carbon avail- 
ability All carbon additions are 
assumed to be made during the carbu- 
rizing cycle when carrier gas and hydro- 
carbon gas are both supplied to the 
chamber. After the hydrocarbon addi- 
tion to the carrier gas has been dis- 
continued and the diffusion cycle 
started, it is assumed that no further 
carbon additions to the steel are made, 
either from the carrier gas or from 
hydrocarbon gas evolved from the fur- 
nace lining. 

i ) 


Carburizing Time 


Carburizing Time Total Time( 


and 


Diffusion Time = Total 
where total time, in hours, is calculated 
from the equation in Table VI, C is the 
final desired surface carbon concentra- 
tion, C, is the surface carbon concen- 


tration at the end of the carburizing 
cycle, and C, is the concentration of 
carbon at the core 


Control of Atmosphere 


In addition to supplying available 
carbon for the carburizing reaction, the 
hydrocarbon gases may also increase 
the carbon potential of the atmosphere 
within the carburizing chamber by de- 
creasing the dew point (% H.O) and 
the CO, content in accordance with the 
following reactions: 


CH, + 
CH, + CO 


CO + 3H, 
2CO 4 2H 


These reactions are relatively slow, 
however, and many times more meth- 
ane is required than would be necessary 
to produce an equivalent decrease in 
the dew point and CO, content by 
increasing the gas-air ratio to the gen- 
erator where the reactions occur at a 
higher temperature in the presence of 
a catalyst 

It is not advisable to supply a carrier 
gas of high dew point and CO, content 
to the furnace and attempt to “clean 
up” the atmosphere within the carbur- 
izing chamber, since extraneous reac- 
tions may occur at the surface of the 
steel which can produce entirely un- 
predictable results. For a _ well-con- 
trolled operation it is preferable to 
produce a carrier gas of a composition 
that will be approximately in equilib- 
rium with the desired surface carbon 
concentration at the carburizing tem- 
perature employed (see page 141) 

The carbon potential of atmospheres 
can be decreased readily within the 
carburizing chamber by metering small 
amounts of air to increase the dew 
point (% H,O) and the CO, content 
by the reactions 


co+%0 
H, + 40, 


co, 
H,0 


These reactions occur very rapidly. 
Such a procedure has been used suc- 
cessfully for reducing the carbon po- 
tential in the last zone of continuous 
carburizers in order to obtain a diffu- 
sion period with a consequent decrease 
in surface carbon concentration 

For carburizing to surface carbon 
concentrations in the range of 0.80 to 
1.00° C, using endothermic carrier 
gas, it is common practice to produce 
the carrier gas in the range of +10 to 
+30 F dew point. Hydrocarbon addi- 
tions sufficient to produce the desired 
carbon potential and availability are 
mixed with the carrier gas before it 
enters the furnace. Producing carrier 
gas of dew point lower than +10 F 
causes accelerated sooting of the gen- 
erator catalyst and necessitates fre- 
quent burnouts 

For low surface carbon concentra- 
tions, often required for homogeneous 
carburizing, the air-gas ratio supplied 
to the generator may be adjusted to 
give dew points higher than 430 PF. 
Equilibrium curves are of considerable 
value for establishing and controlling 
the atmosphere to obtain desired sur- 
face carbon concentrations (see page 
141) 

Undiluted hydrocarbon gases or 
liquids are normally applied only to 
batch furnaces with good seals for 
doors and covers, and fans for recircu- 
lation. Normally when carburizing with 
straight natural gas or hydrocarbon 
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liquids, it is difficult to regulate the 
atmosphere except by providing con- 
ditions that will result in saturated 
austenite at the carburizing tempera- 
ture. In many applications such high 
surface carbon may result in too much 
retained austenite after quenching. To 
obtain a lower surface carbon content, 
and a carbon gradient that is not too 
steep, a diffusion cycle is run at the 
carburizing temperature. This is done 
either by stopping the flow of hydro- 
carbon gas or liquid or by decreasing 
the flow so that an atmosphere of re- 
duced carbon potential is maintained 
in the furnace during the diffusion 
cycle. 

Whether the flow of carburizing fluid 
is completely stopped or decreased to 


THE IMPORTANT REACTIONS oc- 
curring in gas carburizing are: 


CH, = (C) + 2H, (1) 
2CO = (C) + CO, (2) 
CO + H,O = CO, + H, (3) 


where (C) is carbon dissolved in 
austenite 

Reactions (1) and (2) indicate the 
addition of carbon to steel from 
methane and carbon monoxide to form 
a solution of carbon in austenite and 
the formation of hydrogen and carbon 
dioxide, respectively. Both of these 
reactions are reversible and the per- 
centages of H, and CH,, and of CO, 
and CO, required to maintain equilib- 
rium with a particular surface carbon 
concentration in a given steel at a 
definite temperature can be calculated 
from thermochemical data 

The equilibrium data shown in Table 
I and Fig. 1 to 3 can be used readily 
without detailed knowledge of the 
thermochemical data used to establish 
them. However, a brief discussion of 
the principles involved may prove 
helpful for calculating equilibrium data 
for special conditions not covered here. 
The following equilibrium constants 
are from the work of F. E. Harris 
(Metal Progress, Jan 1945). 

For reaction (1): 


8370 
Log K Tr ~ 5.770 (1-A) 
For reaction (2): 
15,966 
Log K r 9.060 (2-A) 


where T is the absolute temperature, 
in degrees Rankine (deg Fahr + 460) 
and X is the equilibrium constant 
For the hypothetical reversible reac- 
tion aA + DB = cC + dD, in which “a” 
unit volumes of gas A react with “b” 
unit volumes of gas B to produce “c” 
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some minimum flow to maintain a cer- 
tain partial pressure in the furnace 
depends on the seals of the furnace 
and the degree of infiltration. Usually 
when undiluted hydrocarbon gases or 
liquids are being used, it is difficult to 
carburize without deposition of soot on 
the work and in the furnace. Stopping 
the flow of atmosphere during the dif- 
fusion cycle often permits the soot to 
be burned off the work with the infil- 
trating air to form a carbon monoxide- 
nitrogen atmosphere of decreased 
carbon potential. The carbon potential 
must not be reduced too much. 


Homogeneous Carburizing 


Both the “carburizing - diffusion” 
method and the “starved carbon” or 
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unit volumes of gas C and “d” unit 
volumes of gas D. 


(par pres of A)* » (par pres of B)* 
~ (par pres of C)° x (par pres of D)* 
where the partial pressure (par pres) 
of each gas is equal to the pressure 
of the system multiplied by the volume 
fraction of the gas. 

Both reactions (1) and (2) involve 
a consideration of the iron-carbon 
diagram. In the gas system the partial 
pressure for saturated austenite is 
taken as unity, and for all carbon con- 
centrations less than saturation it is 
assumed to be proportional to the 
degree of saturation. This assumption 
of straight-line activity leads to no 
great error. The carbon content of 
saturated austenite varies with steel 
composition as shown in Fig 4. The 
data of Table I and the equilibrium 
curves of Fig. 1 to 3 have been cal- 
culated for plain carbon steel, but can 
be used with equal accuracy for low- 
nickel steels such as those in the 
series 4100, 8600 and 8700 and with 
slightly less accuracy for 4300, 4600 and 
4800 grades. For the sarne atmosphere 


Supplements the article on page 
678 of the 1948 ASM Metals 
Handbook 


“balanced atmosphere” method are be- 
ing used in production for a special 
carburizing application known as 
“homogeneous carburizing”. In this 
process parts of relatively smal! cross 
section are carburized throughout the 
section to a nearly constant carbon 
content. This process offers the advan- 
tage of making a part, such as an 
intricate stamping, from an_ easily 
formed low-carbon steel and then car- 
burizing throughout to a carbon con- 
tent that will provide the desired 
hardness after heat treatment. The 
balanced atmosphere procedure may be 
used with parts that have considerable 
variation in section; carburizing-diffu- 
sion is limited to parts having approxi- 
mately uniform cross sections. 


and temperature the equilibrium car- 
bon concentration for 4300 and 4600 
series steels will be about 5% lower 
than for 1020, and for 4800 steels will 
be about 10% lower than for 1020 

The manner in which equilibrium 
data are calculated can be illustrated 
by an example. For this example, the 
Co, and CO percentages that will 
maintain a 1.0% carbon concentration 
at the steel surface at 1650 F will be 
determined. 

When applying equation (2-A), an 
activity or percentage saturation fac- 
tor A must be employed in calculating 
equilibrium gas concentrations for 
carbon levels below saturation. Taking 
the saturated austenite composition of 
the steel at 1650 F to be 1.18%, then the 
activity or degree of saturation = A 
1.00/1.18 = 0.847. The total pressure will 
be essentially one atmosphere and the 
partial pressure of the CO-CO, system 
will be chosen as 0.2 atm, that is: 
%CO + %CO, 

100 


Let the volume fraction of CO in the 
CO-CO, system = X and the volume 
fraction of CO, 1 — X. 

From equation (2-A): 


02=P 


K = 31.0 at 1650 F (2110 R) 
1 (Pxy 
K = 31.0 
A JiP-CO,) AJPU x) 
P x 
A (, xX 


for which X 0.9925 
Actual % CO = 0.9925(0.2)100 = 19.85% 


and 1 x 0.0075 
Actual % CO 0.0075(0.2)100 = 0.15% 


This gives point A of the diagram for 
the CO-CO, system at 1650 F in Fig. 1. 

The equilibrium percentages of CH, 
and H, in the CH,-H, system that are 
shown in Table I were calculated in a 
similar manner. The areas of the chart 
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Fig. 1. Percentages of CO,, and CO in Equilibrium with Various Carbon Concentrations in Plain Carbon Steel at Six 
Temperatures (W. T. Groves, Industrial Heating, June 1949) 


bounded by the heavy lines represent 
the range of most commercial carburiz- 
ing practices 

A definite relationship exists between 
the H.O/H, ratio and the CO./CO ratio 
of furnace atmospheres in accordance 
with the water gas reaction: 


CO + H,O = CO, + H, (3) 


This reaction, like reactions (1) and 
(2), is reversible and the relative pro- 
portion of each gas existing at equilib- 
rium is a function of temperature, as 
shown by the following relation: 


~3175 


Log K r + 1627 (3-A) 


(CO) (H,0) 

(CO,) (H,) 
K co, 
(H,) (as) 


The equilibrium constant for the 
water gas reaction given above was cal- 
culated by F. E. Harris from data by 
Wagman, Kilpatrick, Taylor, Pitzer and 
Rossini (Jour Res, NBS, 34, 143, 1945). 

Since no volume change occurs dur- 
ing the reaction, the equilibrium con- 
centrations are not dependent on the 
pressure at which the reaction occurs 
It is evident that at any particular 
temperature the H.O/H, ratio differs 
from the CO,/CO ratio only by a con- 
stant. Values of the equilibrium con- 
stant K at different temperatures are 
given in Table II. 


Carbon Availability and Demand 


From the equilibrium values of H, 
and CH, shown in Table I it can be 
seen that CH, is a very strong car- 
burizing gas while H, is a weak decar- 
burizing gas. At 1700 F and a partial 
pressure of 04 atm (% CH, + % H, 
40% of total gas mixture) it is seen 
that only 0.20% CH, is required to be 


in equilibrium with 39.80% H, to main- 
tain a saturated austenite composition 
at the steel surface. All the CH, in 
excess of 0.20% is available for car- 
burizing. By making the assumption 
that all the methane is available for 
adding carbon to the steel surface 
C. H. Leland has shown how to calculate 
the minimum amount of methane re- 
quired to produce a predetermined case 
depth in a batch-type work load of 
known surface area (Metal Progress, 
June 1949). Since the over-all car- 
burizing efficiency will not be 100%, 
flows of methane or equivalent hydro- 
carbon must be employed that are 50 
to 100% in excess of the calculated 
minimum, as experience dictates for 
the specific application 

In contrast with the high availa- 
bility of carbon from methane in the 
CH,-H, system, an inspection of Pig. 1 
indicates that CO is a very weak car- 
burizing gas and that CO, is strongly 
decarburizing. At 1700 F and a partial 
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Table I. Concentrations of CH, and H, in Equilibrium with Various Surface Carbon Concentrations, for Partial Pressures 
of the CH-H, System from 6.2 to 1.0 Atm, in Accordance with Equations (1) and (1-A) 


CH, = (C) +2H 


where (C) is carbon dissolved in austenite and K 


Saturated 


8370 


Pressure, FP, Austenite 100% C C 
atm %H, “CH, A, “CH, 
Temperature, 1600 F 
eee 96.12 1.88 98.30 1.70 98.63 1.37 
0.80 . 18.77 1.23 78.91 1,09 79.12 0.88 
0.70 38 062 59.50 “0.50 
0.40 39.69 0.31 39.72 0.28 39.78 0.22 
020. 19.92 0.08 19.93 0.07 19.94 0.06 


Temperature, 1700 F 


1.25 99.00 1.00 99.20 0.80 
... .. 199.20 0.80 79.36 0.64 79.48 0.52 

0.46 027 39.70 0.30 
040 39.80 0.20 39 BA 0.16 39.87 0.13 
19.95 0.05 19.96 0.04 19.96 0.04 


P is the partial pressure of the CH.-H» system expressed in 
atmospheres and listed in column 1 of this table. For applications 
where the total pressure is approximately equal to 1 atm, this 
will be numerically equal to (% CH, + %H,)/100. A is the activity 


pressure of 0.2 atm (% CO +4 % CO, = 
20% of total gas mixture), common in 
carburizing furnaces, it is seen that 
19.92% CO is required to be in equilib- 
rium with 0.08% CO, to maintain 
saturated austenite at the steel surface. 
Virtually none of the CO is available 
for adding carbon to the steel surface 
and carbon monoxide is said to have 
low carbon availability. 


Evaluating and Controlling 
Carburizing Atmospheres 


The carbon potential of carburizing 
atmospheres can be determined on the 
basis of gas composition with an 
Orsat analyzer (see page 145), a dew 
point indicator, or an infrared analyzer 
Carbon potential can also be deter- 
mined directly with a hot wire analyzer. 

Dew Point. A commonly used method 
of evaluating and controlling furnace 
atmospheres is by dew point readings, 
and instruments are available for re- 
cording and controlling the dew point 
automatically. Dew point measure- 
ments have some advantage over CO, 
analysis by the Orsat method for an 
atmosphere that is basically of the 302 
type. The 302 type atmosphere has H, 
and CO contents of approximately 40 
and 20% respectively. The percentage 
error resulting from a check on the 
H,-H,O system will be considerably less 
than the percentage error of the check 
on the CO-CO, system, other things 
being equal 

In addition, the H,O values as in- 
dicated by dew points may be spread 
over a fairly broad range whereas cor- 
responding CO, values as determined by 
the Orsat method are confined to the 
zero end of the scale where an error of 
+0.06% may be of considerable con- 
sequence, Dew point is plotted against 
percentage H,O by volume in Fig. 2. 

The use of Fig. 1 and 2 and Table 
II for evaluating furnace atmospheres 
will be illustrated by the following two 
examples: 

Example 1, Orsat analyses of the 
effluent gas of a carburizing furnace 
operating at 1650 F indicate 0.15% CO, 
and 19% CO. It is desired to predict the 
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surface carbon concentration of the steel 
being carburized. Figure 1 indicates 
that the surface carbon concentration 
will be 0.9%. 


Example 2. Dew point and Orsat 
checks on the effluent gas of a gas car- 
burizing furnace operating at 1700 F give 
the following results: dew point, 22 F; 
H,, 40%; CO, 20%. It is desired to pre- 
dict the surface carbon concentration of 
the carburized stock. From Fig. 2, 22 F 
dew point = 039% H,O by volume. 


0.39 
“H, 40 
From Table Il, K 1.44 and 
co 1 0.00975 
= - 0.00676 
co K H, 144 


co, (20) (0.00676) 0.135% 


From the curve for the CO-CO, system 
in Fig. 1, 0.135% CO, and 20% CO should 
be in equilibrium with a steel of carbon 
content 0.80%, and this should be the 
surface carbon concentration of the car- 
burized stock. 


It should be recognized that the 


above calculations apply to equilibrium 


Percentage HpO by Volume 


~ ~ 
% 


S 
a 


04 } 
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Dew Point, deg Fohr 


Fig. 2. Dew Point Versus Percentage 
H,O by Volume 


Log K = T Le ee (1-A) 


PA 


C 040% C— 
%~CH, 
98.97 1.03 99.31 0 69 
79.34 0 66 79.55 045 
59.62 0.38 59.75 0.25 
39.83 0.17 39 88 0.12 
19.96 0.04 19.97 0.03 


99.40 0.60 99.60 0.40 
79.61 0.39 79.74 0.26 
59.78 0.22 59.85 0.15 
39.90 0.10 39.93 0.07 
19.97 0.03 19.98 0.02 


of carbon in steel, or the percentage saturation, and is numer- 
ically equal to the actual percentage of carbon at the surface 
of the steel divided by the percentage of carbon corresponding 
to saturated austenite at the particular temperature employed. 


conditions. True equilibrium conditions 
seldom, if ever, exist in commercial 
carburizing. The calculated figures will 
agree best with results obtained in 
batch furnaces during long heat treat- 
ing cycles. Such furnaces have rea- 
sonably tight chambers and a positive 
pressure can be maintained with a 
relatively low flow of gas. Also, the 
batch furnace employs a single and 
generally uniform temperature in the 
carburizing chamber. 

With continuous furnaces there may 
be appreciable discrepancies between 
actual and calculated figures. In the 
operation of continuous furnaces 
relatively large flows of gas are used 
to maintain chamber pressure. There 
is a greater danger of atmosphere con- 
tamination and extraneous reactions 
in such furnaces because of the fre- 
quency of charging of work and door 
openings. There may be a wide range 
of temperature in a continuous fur- 
nace, varying from a black temperature 
just inside the charge door to 1700 F 
in the carburizing chamber, to 1550 F 
or lower in the zone just before dis- 
charge. Also the composition of the 
influent gas supplied to different zones 
of the furnace may be purposely 
varied, as is mentioned on pages 136 
and 137. Under such conditions a gas 
analysis in only one zone of the furnace 
will not indicate accurately the surface 
carbon concentration of the discharged 
work. 

Because of the greater accuracy of 
dew point measurements compared 
with CO, contents determined by Orsat, 
the dew point method is being used 
increasingly for control work. The solid 
curves of Fig. 3 illustrate the relation- 
ship between dew point, surface carbon 
concentration and temperature for an 
atmosphere where H 40% and 
co, + CO = 20% Such percentages 
might exist in a furnace supplied by 
endothermic gas from a generator that 
used natural gas as a base fuel. The 
curves were plotted from data of Pig. 
1 and 2. The shaded areas indicate 
the correlation actually obtained in in- 
vestigations conducted independently 
by O. E. Cullen (Metal Progress, Dec 
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obtained experimentally by two investigators with atmospheres which approx- 
imated the same conditions. 


1953) and N. K. Koebel (Metal Prog- 
ress, Feb 1954) with Seerenern that 
approximated the condition of % H, 
40 and % CO,4+ % CO= 20. Cullen's 
test points were obtained with a 
laboratory furnace employing straight 
endothermic generator gas and also 
with large continuous gas carburizing 
production furnaces using endothermic 
generator gas plus normal hydrocarbon 
additions. Koebel’s data were deter- 
mined in a laboratory furnace using 
straight endothermic generator gas. 
It must be noted that dew point in 
itself has no significance with regard 
to carbon equilibriums unless the other 
components of the water gas reaction, 
H,, CO, and CO, are also evaluated. It 
should be emphasized that the the- 
oretical curves in Fig. 3 were plotted 
from data calculated for the specific 
conditions in which H, is 40% and 
co + CO 20%. For calculating sur- 
face carbon concentrations in equilib- 
rium with atmosphere compositions 
other than this, Fig. 1 and 2 should be 
used as illustrated in examples 1 and 2. 
Infrared Analyzers are available for 
providing continuous records of meth- 
ane and carbon dioxide contents with 
accuracies not possible heretofore. For 
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example, CO, analyzers can be obtained 
having ranges as low as 0 to 05% 
which are sensitive, stable and repro- 
ducible to +0.005% CO,, and similar ac- 
curacies can also be obtained for 
methane. The speed of response is from 
5 to 10 sec, depending on the length 
of sample line. This permits the use 
of automatic control for furnaces or 
generators if desired 

The use of dew point recorders and 
infrared analyzers therefore permits 


Table If. Values of Equilibrium 
Constant, K, at Various Temperatures 
for the Water Gas Reaction 
co + HO = CO, + H, (3) 


Log K + 1627... 


(CO) (BLO) 
(CO,) (HL) 


(3B-A) 
K 
~ (HL) 


Temperature 
deg Fahr 


full utilization of equilibrium curves as 
operating guides in addition to per- 
mitting automatic control of furnaces 
and generators. They likewise furnish 
a continuous record of furnace or 
generator performance and alert the 
operators in the event of any abnormal 
conditions that would affect the quality 
of the product adversely 

The Hot Wire Analyzer operates on 
the principle that at elevated tempera- 
tures the electrical resistance of iron 
and iron alloys changes with carbon 
content. An iron alloy primary element 
is inserted into the furnace work 
chamber and furnace atmosphere is 
continuously drawn past it. A con- 
tinuous record is obtained directly in 
terms of percentage carbon. The 
usable operating range of the analyzer 
is from 0.15 to 1.15% C and the normal 
accuracy is *0.05% C. This equipment 
is normally furnished for completely 
automatic control. Since the primary 
element is sensitive to all contaminants 


Per entage 


Fig. 4. Approximate Solubility of 
Carbon in Austenite for Eight Steels 
(F. BE. Harris) 


carried into the furnace with the work 
and work containers these metal parts 
and fixtures must be chemically clean 
At present, the hot wire analyzer is 
furnished only for use with furnaces 
that are made by the manufacturer of 
the analyzer. 

Conclusion. Because of the variance 
in commercial carburizing practice 
throughout industry, with consequent 
varying deviations from equilibrium 
conditions, it is evident that there can 
be no single set of data, either 
theoretical or practical, that will cor- 
relate with all operating results. The 
equilibrium curves presented here give 
a useful correlation for most opera- 
tions. Knowledge of the fundamental 
principles is of value for intelligent 
application of controlled atmospheres 
to any set of furnace conditions and 
heat treating requirements 
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CONTROL of the surface carbon con- 
tent of steel through control of the 
surrounding furnace atmosphere is 
most common in carburizing, homo- 
geneous carburizing, carbon restoration 
and hardening. Less common applica- 
tions include tempering and annealing. 
Carbon control is used also for the sur- 
face protection of tool, die and cutlery 
steels; in the sintering of iron-carbon 
powder metal compacts; and in the 
brazing of steel products. 


Carburizing-Decarburizing 
Potentials of Atmospheres 


Heat treating may require an atmos- 
phere in equilibrium with steel of a 
given carbon content anywhere in the 
range from 0.1% to saturated austenite, 
for any specified heat treating temper- 
ature. Such carbon control is difficult 
unless controllable amounts of both 
carburizing and decarburizing constitu- 
ents are present in the atmosphere. The 
carburizing-decarburizing tendencies of 
the three principal reactions are: 


Carburizing— «-Decarburizing 
CH, (C) + 2H, 
2co + CO, 

co + H, (Cc) + 


in which (C) represents carbon dis- 
solved in austenite 

An approximate classification of the 
carburizing-decarburizing tendencies of 
the principal types of heat treating 
atmospheres is shown in Table I. 

More specific data on the relation- 
ships among composition of atmos- 
phere, surface carbon concentration of 
plain carbon steels, and temperature 
are given in Fig. 1 on page 141. Fig. 3 
of that article shows the relations 
among dew point, surface carbon of 
plain carbon steels and temperature 
for a typical endothermic atmosphere. 

The most common atmosphere for 
carbon control work is the endothermic 
class 302. Control of the carbon poten- 
tial of this atmosphere can be main- 
tained over a wide range by control of 
the ratio of hydrocarbon gas to air at 
the generator. 

Less commonly employed for carbon 
control work are the prepared nitrogen- 
base class 201 and the charcoal-base 
class 402 atmospheres. 

When employed in muffle furnaces 
where low dew points can be main- 
tained, the ammonia-base class 501 at- 
mosphere is successfully used in carbon 
control applications such as the heat 
treatment of tool steels and marten- 
sitic or austenitic stainless steels. Hy- 
drocarbon gas must be added to obtain 
a carburizing potential in this atmos- 
phere, Sometimes, hydrogen-base at- 
mospheres are similarly employed 

The exothermic-base class 101 and 
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102 atmospheres are least commonly 
employed because of the difficulty of 
maintaining a controlled carbon poten- 
tial for any steels except those of very 
low carbon content. Some degree of 
control can be attained, however, by 
drying these atmospheres and making 
hydrocarbon additions. 


Effect of Temperature 


The simplest problem of carbon con- 
trol exists when heat treating is being 
done at one temperature in the austen- 
ite region. Under these conditions sat- 
isfactory carbon control has been 
obtained with the common practice of 
measuring one constituent, such as dew 
point or CO.,,. 

Some slight additional problems 
arise when carbon control is attempted 
during heat treating cycles that involve 
different temperatures in the austenite 
region. Any change in temperature re- 
quires a corresponding change in the 
atmosphere if carbon is to be main- 


Supplements the article on page 
204 of the 1948 ASM Metals 
Handbook 


tained at a constant level or if it is to 
change in a specified way during the 
temperature shift. The usual procedure 
in batch furnaces is to establish the 
necessary changes in dew point or other 
control variable and then, using a “pro- 
gram” or manual control, to adjust the 
atmosphere continuously or in closely 
spaced steps to provide the proper at- 
mosphere to accompany the tempera- 
ture or carbon changes that may be 
required by the process. 

Figure 1 gives approximate dew point 
aims recorded by one company as a 
guide for various production steels and 
for an atmosphere of the endothermic 
class 302, in the temperature range 
from 1500 to 2100 FP. 

Although infrequent in norma! heat 
treating, the most difficult problem of 
carbon control occurs when steel is be- 
ing held within the transformation 
range (between A, and A,) or below A,. 
In these regions of mixed phases 
(ferrite-austenite and ferrite-cement- 
ite, respectively) the equilibrium be- 
tween atmosphere and steel is based on 
the maximum solubility of carbon in 
ferrite and is independent of the rela- 
tive amounts of phases present. Fast 
heating or cooling allows considerable 
leeway in ratios or dew points, but ex- 
tended times below or within the 
transformation range will result in a 
noticeable increase or decrease in total 
carbon when the atmosphere is not in 
proper balance. 

In the single-phase ferrite area 
where the solubility of carbon in iron 
is less than 0.03%, control conditions 
are identical, in principle, with the 
single-phase austenite area. Carbon 
content depends on definite CO-CO, 
and H,-H.O ratios, or dew point, for 
every temperature. This low-carbon 
range is very limited in application and 
seldom is a consideration in practical 
problems of carbon control. 

In practice, for most heat treating 
operations, including carburizing, hard- 
ening, carbon restoration and homo- 
geneous carburizing, the heating up 
portion of the cycle is relatively short, 
and the lack of carbon control during 
this period is a negligible factor. Fur- 
thermore, any slight effects are erased 
by subsequent control in the austenite 
range. However, when large masses of 
steel are being heat treated, the heat- 
ing portion of the cycle may be equal 
to or longer than the austenitizing 
portion, and it becomes more impor- 
tant to consider the carbon potential 
of the atmosphere during this time 
Generally, this type of processing is 
done in large batch furnaces and the 
atmospheres are usually controllable 
mixtures of relatively neutral gases 
such as nitrogen plus carburizing gases. 
In such applications, the operation can 
be controlled by programming the time 
and the rate of introduction of the 
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active carburizing gas to correspond 
with temperature and the degree of at- 
mosphere contamination in the furnace 
from the furnace load 

When steel is being heated, decar- 
burizing gases are generated. For best 
control of carbon it is advisable to 
sweep these gases out at temperatures 
low enough to prevent or minimize 
their decarburizing effects. It is usually 
advisable to heat steel in relatively 
inert atmospheres up to about 1200 F 
and then to hold at this temperature 
until the decarburizing gases have been 
evolved and swept from the furnace 
chamber. Thereafter, carbon-control- 
ling gases are added to the neutral gas 
at an increasing rate during the re- 
mainder of the heating cycle, or the 
inert gas is completely replaced by 
endothermic atmosphere at some inter- 
mediate stage 

During the cooling portion of a cycle, 
the composition of the atmosphere may 
be altered, usually by cutting off the 
carbon controlling atmosphere gradu- 
ally or entirely. Inert atmosphere is 
used for replacement. 

In cycle annealing treatments in 
continuous furnaces where the steel is 
cooled to below A, and held, the carbon 
potentials in the different temperature 
zones of the furnace are controlled by 
baffles between zones and by roof arches 
and solid-bottom piers, with various 
predetermined mixtures of inert and 
active carbon-controlling gases intro- 
duced into the different zones. 


Instruments for Evaluating 
and Controlling Atmospheres 


The correlation of carbon potential 
with gas composition requires rather 
precise knowledge of the content of 
co,, CH, or H.O in the gas. Four 
principal methods are used for obtain- 
ing this information 

Orsat Analysis. For many years the 
most common equipment used for de- 
termining composition of furnace at- 
mospheres has been the Orsat ana- 
lyzer. Such equipment can be used for 
analyzing the gas for CO, CO,, CH,, 
H,, O, and N,.. The CO, CO, and O, 
contents are determined by absorption 
in selective chemical reagents, and the 
CH, and H. contents by combustion 
with O, and then absorption of the CO, 
and condensation of the H,O. The N, 
is determined by difference. The appa- 
ratus may be used only for individual 
checks of each gas component 

The time for analysis will vary from 
5 min, for determining the CO, con- 


Table L. 


tent only, to about 30 min for a deter- 
mination of the entire gas composition. 
The accuracy will vary from about 
*0.05 to +0.2%. The Orsat analyzer is 
relatively inexpensive both for the 
simplest form and for the precision 
type. 

While the Orsat analyzer has its 
place in gas analysis, it is often unsuit- 
able for production applications be- 
cause it does not yield a continuous 
measurement and has relatively low 
accuracy compared with that required 
for carbon control of atmospheres 

Infrared Analyzers may be used for 
the continuous measurement of CO.,, 
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Fig. 1. Example of Relationship 
Between Production Steels, Alloy 
and Carbon, and Dew Point of 
Endothermic Atmosphere in a Pro- 
duction Application 


CO and CH,. These analyzers operate 
on the selective absorption of infrared 
energy and utilize two fundamentals: 


1 Each gaseous compound absorbs a cer- 
tain portion of the infrared radiation 
that no other gas absorbs 

2 The amount of radiation absorbed is 
proportional to the concentration of 
the gaseous compound. 


These analyzers are available from 
several manufacturers and are obtain- 
able in multiple-point arrangements 
Extremely high accuracy of measure- 
ment is possible. For example, a full 
range of 0 to 05% CO, will produce a 
sensitivity, stability, reproducibility and 
readability of 0.005% CO, The speed 
of response will depend on the flow rate 
of the sample but normally is from 5 
to 10 sec. These analyzers lend them- 
selves to production applications and 
can be used for automatic control of 
the atmosphere composition. 


Approximate Carburizing-Decarburizing Tendencies of 


Principal Types of Heat Treating Atmospheres 


AGA 
Class Type 
101 Exothermic 
102 Exothermic 
201 Prepared 
nitrogen base... 
302 Endothermic 
base 
402 Charcoal base 
501 Ammonia base . 
Hydrocarbon 


base 
base 


Decarburizing 


Decarburizing to 0.10% C 


Carburizing up to 0.60 to 080° 
.Decarburizing or carburizing, depending on composition 
Neutral to decarburizing, depending on composition 


Carburizing Activity 


and above 


.Neutral to decarburizing, depending on purity 


C, depending on composition 


gases such as natural gas, city gas, propane 


or butane 


Highly carburizing and difficult to control in undiluted form 


For typical compositions of types 102, 201, 302 and 402, and the hydrocarbon gases, see 
Tables I and II in the article “Gas Carburizing”, page 133. On the same basis as Table 


Il, page 133 
CO, and 1.2’ 


and from the source quoted there 
H_; class 501 is commercial dissociated ammonia (dew point 


class 101 has 868% N., 15% CO, 105% 
HOF 


To aid in controlling carbon potential over wide ranges, measured quantities of hydro- 


carbon gas may be added to classes 201, 302, 402 or 501. 


Dew Point Analyzers are available 
from several manufacturers and may 
be of either the indicating or recording 
type, in single or multiple-point ar- 
rangements. Three different principles 
or methods of operation are in use: 

1 Condensation of water on a cooled, 

polished metal or mirror surface 

2 Formation of fog by sudden expansion 

of compressed gas 

3 Change in resistivity of salt com- 


pounds by variation in the moisture 
content 


The first method is available either 
as an indicator or as a recorder. It 
requires a means for cooling the con- 
densing surface and a means for evap- 
orating the condensed vapor. Super- 
cooling (too rapid cooling) must be 
avoided because it will produce errone- 
ous readings. The gas sample must be 
kept clean, or maintenance of the pol- 
ished surface will be excessive. The 
method is also subject to errors from 
condensable organic compounds that 
may be present in the gas. The record- 
ing type produces essentially a contin- 
uous record and may be used as a con- 
troller even though several minutes 
elapse between alternate condensations 
and evaporations. 

The second method (formation of 
fog) is used as an indication only. 
Instruments available are readily oper- 
ated and require little maintenance. 

The third method (resistivity of 
salts) is available as a recorder or as a 
recorder-controller, single or multiple 
point. For application to heat treating 
atmospheres, the gas sample is nor- 
mally cooled by refrigeration to permit 
attainment of the equilibrium tempera- 
ture in the sensing element. This sys- 
tem provides a true, continuous record 
of atmosphere composition, since alter- 
nate condensation and evaporation are 
not involved 

Accuracy of dew point analyzers is 
from *2 to *5 F 

Hot Wire Analyzers operate on the 
principle that at elevated temperatures 
the electrical resistance of iron and 
iron alloys changes with the carbon 
content. The iron alloy primary ele- 
ment is inserted into the furnace work 
chamber and operated continuously 
The furnace atmosphere is drawn past 
the primary element so that it reflects 
the carbon potential the same as the 
work being processed 

Since the carburizing reaction is re- 
versible, the primary element is sensi- 
tive to changes in carbon potential in 
the atmosphere, and a continuous rec- 
ord is obtained directly in percentage 
of carbon. Means are provided for tem- 
perature compensation so that the car- 
bon potential may be recorded directly 
at temperatures in the range from 1450 
to 1750 F. Means are also provided for 
automatic calibration so that chemical 
analyses of steel specimens are not 
necessary for calibration. The usable 
operating range of the analyzer is from 
0.15 to 115% C. The normal accuracy, 
including all variables is *006% C. 
This equipment is normally furnished 
for complete automatic control 

Since the primary element is sensi- 
tive to all contaminants carried into 
the furnace, both the work and its con- 
teiners must be chemically clean. Most 
of the contaminants that would affect 
the primary element adversely, such as 
cleaning fluids, alkalis, sulfur-bearing 
oils, lead compounds and the like, will 
also affect the quality of the treatment 
or the furnace alloy in time 
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The principal limitation, at present, 
is that the analyzer is furnished only 
for use with furnaces made by the 
manufacturer of the analyzer. 


Automatic Control 


The application of automatic control 
to furnaces and generators using the 
recording analyzers previously dis- 
cussed requires careful engineering. 
The detection time for changes in the 
measured value must be minimized. 
This requires short sampling lines and 
rapid rates of sample flow. Some of the 
analyzers have relatively slow rates of 
response, which will increase the detec- 
tion lag. As contrasted with tempera- 
ture control, where the heat storage in 
the furnace insulation, alloy and metal 
work provides stabilizing effects, the 
control of furnace atmosphere is more 
difficult because there is no similar 
stabilizing influence. Therefore, the 
control equipment must be of the 
proportional-position or input-control 
type. Preferably it should be of the 
so-called “three-function” type—that 
is, proportional band, rate action, reset 
action. The final control element 
should be positionable to an accuracy 
of 1% or better. 

On furnaces it is normally prefer- 
able that the flow of carrier gas be 
maintained constant and the flow of 
enriching gas be the controlled flow. 

On generators, control can be ob- 
tained by having the final control ele- 
ment operating the ratio setting on the 
carburetor, Another method is to keep 
the air-gas mixture constant with the 
carburetor and to use a _ controlled 
valve in a bypass line around the car- 
buretor. It is recommended also that 
the total gas flow to the generator be 
kept at a reasonably constant value 
and that the generated gas not used 
be vented to the air. 


Sampling of Atmospheres 


The sample must be taken from the 
furnace chamber as close as possible to 
the work being treated. Carbon or low- 
alloy steel sampling tubes will oxidize 
and cause erroneous readings. Perma- 
nent sampling tubes of stainless steel 
or a high-nickel alloy should extend 
through the furnace wall for at least 
4 in., and should be of small diameter 
(% to %-in. ID if possible). A gas sam- 
ple should never be taken next to a 
furnace shell without a tube extending 
through the refractory lining, because 
the sample will come from stagnant gas 
contaminated by moisture and reaction 
products from the refractories and in 
addition may be of greatly altered com- 
position because of interreaction of the 
atmosphere constituents caused by the 
lower temperature near the outer wall 
of the furnace. It is desirable to draw 
the atmosphere directly from the hot 
zone and to cool it quickly to avoid this 
interreaction. For spot checks, a sam- 
pling tube can be inserted through a 
peepsight or small hole and placed near 
the work, 

The choice of metal for the sampling 
line from the furnace to the instrument 
is also important. For permanent in- 
stallations, stainless stee! is preferred 
but copper tubing has been widely and 
successfully used where it is not ex- 
posed to furnace temperatures. Iron 
pipe may rust and a rusty layer may 
act as a sponge soaking up water vapor 
from a gas of high dew point and then 
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slowly releasing it to a gas of low dew 
point, causing erroneous readings 

For permanent sampling lines, a tee 
with a cleanout plug should be placed 
at the connection between the sam- 
pling tube and the furnace. Likewise, 
for cleaning purposes, tees or crosses 
with plugs should be placed at each 
90-deg bend in the line. Even though 
the instrument may have a filter of its 
own, it is wise to install a separate fil- 
ter about 2 ft from the gas sampling 
tube at the furnace to collect any soot 
or dirt. An ideal filter for this purpose 
is the type used for compressed-air 
lines, which has a replaceable porous 
metal filter cartridge and a transparent 
plastic bowl. Another common type 
utilizes glass wool as a filter cartridge. 
The filter cartridge can be observed and 
changed when dirty, and any conden- 
sate that may get into the filter can be 
observed and drained off by a petcock 
on the filter. If condensate is observed, 
the filter cartridge should be replaced 
by a new one. For dew point determina- 
tions it is extremely important to keep 
the lines dry and free from rust, soot 
or dirt that may absorb water vapor. If 
an intermittent sample is to be taken 
by a portable instrument, transparent 
synthetic tubing is ideal. The cleanli- 


ness of the inside of the tubing can be 
observed, and it does not contain any 
loose absorbent powder material, some- 
times present in rubber tubing 

Before taking gas samples from a 
furnace chamber, enough time should 
be allowed for purging after the load is 
charged. This is particularly true when 
dew point is being used as a means of 
control. Abnormally high dew points, 
which occur immediately on starting 
up equipment or on charging a pit- 
type furnace in which the atmosphere 
has been burned out, will cause con- 
densation of water in the sampling line 
and instruments, thereby preventing 
accurate dew point measurements until 
the line and instruments are dry. If 
continuous dew point instruments are 
used, a means should be provided for 
shutting off the sampling pump until 
the furnace has been conditioned prop- 
erly. On batch furnaces, it would be 
desirable to do this automatically, with 
a limit switch and time-delay relay set 
for the proper purging time. When dew 
point is used as a means of carbon con- 
trol, the sampling tube should never be 
water-cooled. This would cause con- 
densation from gases of high dew point 
in the tube. With portable instruments, 
all air and stagnant gases must be 
purged from the sampling lines and 
instrument. 

Safety. Because most furnace at- 
mospheres used for carbon control are 
toxic and flammable, the gas sample 
should be either vented to the outdoors 
or burned. Some prefer to burn the exit 
gases, since the flame gives an indica- 
tion of the proper flow for the instru- 
ment as recommended by the in- 
strument manufacturer. For further 
discussion of safety precautions the 
reader may refer to page 134 of the 
article on Gas Carburizing. 


Evaluating Carbon Control of 
Processed Parts 


Five principal methods have been 
used for determining decarburization 
or carburization on processed parts and 
thus establishing the desirable operat- 
ing range of carbon potential for a 
furnace atmosphere. 


1 Hardness tests 

2 Microscopic examination 

3 Analysis of consecutive cuts 

4 Analysis of shim stock or turnings 
5 Change in weight 


No one method can be recommended 
for all applications. For some applica- 
tions, more than one of the five tests 
may be necessary to obtain the desired 
information or to verify or supplement 
one set of results. 

Hardness Tests are simple to perform 
but are the least accurate for deter- 
mining the extent of carburization or 
decarburization. One method of making 
a hardness test for decarburization is by 
grinding a series of adjacent cuts of 
0.005 in. from the surface down through 
the subsurface. If the hardness in- 
creases on each successive subsurface 
cut, then the steel was decarburized, 
provided the steel was not of the kind 
that have a soft skin after carburizing. 

The second method is to use a super- 
ficial hardness test in conjunction with 
the standard Rockwell hardness test. 
The values obtained are transposed by 
means of a conversion table to the 
Rockwell C scale. These values are com- 
pared with the value obtained from the 
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Fig. 2. Water-Hardening Carbon 

Tool Steel Hardened at 1450 F and 

Tempered at 700 F. Shows 0.0025 in. 

free ferrite but any decarburization 

that may be below this depth can- 

not be readily detected: Etched in 
nital. « 100 


standard test using the C scale. A lower 
transposed C value indicates decarbu- 
rization. This method is more accurate 
than the first since it eliminates guess- 
work on specimens that are only a point 
or two over or under the maximum 
hardness of the steel. The test is use- 
ful also for checking tools or production 
work on which grinding would ruin the 
article. The method does not, however, 
detect decarburization or carburization 
that does not affect the hardness of 
the steel, nor will it distinguish between 
carburization and decarburization when 
both cause a soft skin. 

The file hardness test is sometimes 
useful in detecting a soft skin which 
may not show up in the Rockwell hard- 
ness test. This test is subject to the 
human factor and is therefore much 
less reliable than the indentation tests 
made by machines. 


Fig. 4. Tungsten Chisel Tool Steel 

Hardened at 1750 F and Tempered 

at 700 F. The structure shows only 

slight decarburization but this steel 

was badly decarburized. Etched in 
nital. x 100 


Fig. 3. The Same Specimen but 

After a Full Anneal to Define De- 

carburization. The hypereutectoid 

steel has been decarburized down to 

eutectoid carbon content or lower 

jor a depth of 0.015 in. Etched in 
nital, x 100 


One type of steel in particular that is 
susceptible to a soft skin when heat 
treated in a carburizing atmosphere is 
the 1% C, 5% Cr, 1% Mo type of air- 
hardening tool steel. Samples of this 
steel heat treated in neutral, decarbur- 
izing and carburizing atmospheres gave 
hardness results as follows: The hard- 
ness on the surface of the sample 
treated in the neutral atmosphere was 
Rockwell C 64, and verification by the 
change-in-weight method (described on 
page 148) showed the sample to be only 
very slightly decarburized, to — 0.00005 
per sq cm. 

The hardness of the sample treated 
in the decarburizing atmosphere was 
Rockwell C 58 on the surface but by the 
change-in-weight method, this sample 
was decarburized to -0.00172 g per sq 
cm. The sample heat treated in the 
carburizing atmosphere had a hardness 


Fig. 5. The Same Chisel Steel 
Specimen but After a Full Anneal 
to Define the Decarburization. This 
shows the extensive decarburiza- 
tion that had a taken place. 


Etched in nital. x 100 


of Rockwell C 50; the change-in-weight 
method showed this sample to be car- 
burized to +0.00370 g per sq cm. 

Microscopic Examination is common 
for determining decarburization or car- 
burization, but false conclusions can 
easily be derived if one is not familiar 
with the limitations of the method. For 
example, Fig. 2 shows a decarburized 
surface on a water-hardening carbon 
tool steel of about 1.10% C. The band 
of free ferrite is about 0.0025 in. deep, 
but it is impossible to trace the total 
depth of decarburization below the free 
ferrite even though this specimen was 
tempered at 700 F to obtain a structure 
more likely to reveal decarburization 
than the as-quenched structure. Fig- 
ure 3 (the same sample after a full 
anneal in purified nitrogen) shows that 
the area under the free ferrite was de- 
carburized from a hypereutectoid steel 
down to a eutectoid steel and that the 
total depth of decarburization is about 
0.015 in., instead of 0.0025 in., as would 
be inferred from Pig. 2. The free ferrite 
area is not the same in Fig. 2 and 3 
because of the diffusion of carbon dur- 
ing annealing from the subsurface to 
the surface. 

Figure 4, a tungsten chisel steel, 
043% C, 166% W, 142% Cr, quenched 
from 1750 F and tempered at 700 F, 
shows only slight indications or traces 
of decarburization, but the steel was 
actually badly decarburized, as indi- 
cated by low hardness in the as- 
quenched specimen. Figure 5 shows the 
same piece after a full anneal in puri- 
fied nitrogen; extensive decarburiza- 
tion is evident 

The best structure for detecting the 
depth of decarburization is obtained by 
full annealing. Uniess the full anneal 
is carried out in the proper atmosphere, 
serious error may result because of de- 
carburization or carburization during 
the annealing cycle. Unless the furnace 
atmosphere is being tested for anneal- 
ing purposes, the specimen should not 
be annealed in the furnace atmosphere 
being tested, because decarburization 
may occur at lower temperatures that 
would not otherwise occur at the hard- 
ening temperature. It is better to 
quench the specimens and then anneal 
them in an atmosphere that is definite- 
ly known to be inert or neutral, The 
specimens may be copper-plated after 
hardening and then annealed 

Samples are frequently allowed to 
cool rapidly in the protective atmos- 
phere. This is convenient but usually 
does not produce as good a structure 
as a full anneal for detecting decarbur- 
ization. Cooling of samples in dry lime 
gives a rate of cooling slow enough to 
produce a satisfactory structure, and 
this method is sometimes used as a 
more convenient alternate to a full 
annealing treatment 

Even after full annealing, slight 
amounts of decarburization or carbur- 
ization cannot always be detected. The 
best accuracy is obtained with carbon 
steels, but results from microscopic 
examination are never quantitative for 
plotting curves to compare the effects 
of atmospheres on various steels or to 
compare one atmosphere with another 

Chemical Analysis of Consecutive 
Cuts permits the plotting of results to 
show both the degree and depth of de- 
carburization in terms of percentage 
of carbon. This method is also useful 
in the study of the effect of atmosphere 
on elements other than carbon, 
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The method may be carried out by 
using a test specimen about 6 in. long 
turned down to about 1 in. to remove 
original decarburization. After the 
specimen has been heat treated for the 
desired length of time, consecutive 
lathe cuts are taken to the point hav- 
ing the same carbon content as the 
original specimen. The depth of cut 
taken to obtain chips for each analysis 
is usually about 0.002 to 0.005 in. Deeper 
cuts may be taken as the core is ap- 
proached. If the specimen is hardened 
from the atmosphere being tested, it 
must be annealed to obtain machin- 
ability. The analytical results are 
plotted as the mean distance of the 
layer from the surface of the specimen 
as shown in Pig. 6 

Analysis of Shim Stock or Turnings. 
Thin shim stock or stringer turnings 
of the type of steel to be tested in the 
furnace atmosphere are washed free 
from oil and placed in the furnace to 
be tested. Shims are preferred. Stringer 
turnings are difficult to clean, es- 
pecially after carburizing when soot 
may be trapped in the fissures. Suffi- 
cient time is allowed for the atmos- 
phere to come into equilibrium with 
the steel. With shim stock or turnings 
no thicker than 0.010 in, 2 or 3 hr 
should be sufficient. The specimens 
should not be oxidized or decarburized 
during the quenching operation. After 
the specimen has been cleaned care- 
fully to remove all traces of oil and any 
free carbon, it is broken into chips of 
proper size and analyzed for carbon. 
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Fig. 6. Method of Plotting Results 
from Data Obtained from Chemical 
Analysis of Consecutive Cuts to 
Show Depth and Degree of De- 
carburization and the Effects of the 
Atmosphere on Constituents Other 
than Carbon in the Steel. For low- 
alloy, air-hardening tool steel with 
110% C, 525% Cr, 104% Mo 


The carbon in the chips is the carbon 
potential of the atmosphere. The shim 
stock method has the disadvantage of 
not showing the total depth or gradient 
of decarburization or carburization. 
However, it is ideally suited for check- 
ing the carbon potential of furnace 
atmospheres when the potential is be- 
low that of saturated austenite 

The Change-in-Weight Method of 
determining decarburization or carbur- 
ization is the most accurate of the five 
listed when applied to scale-free at- 
mospheres, and provided the sample 
can be cooled in the furnace atmos- 
phere. It is a research method, rather 
than a procedure for production con- 
trol, and consists of weighing a speci- 
men to 0.1 mg accuracy before and 
after treatment in the atmosphere to 
be tested. If the specimen is not scaled, 
a loss in weight represents decarburiza- 
tion while a gain in weight represents 
carburization. In order to put the re- 
sults on a common basis for the com- 
parison of one sample or atmosphere 
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with another, the change in weight of 
the sample tested is expressed in grams 
per square centimeter of steel surface. 
For convenience in plotting, the change 
in weight per square centimeter is often 
multiplied by 100,000 td obtain a whole 
number. 

The size of sample should be selected 
so that its weight will not be too great 
and thereby affect the sensitivity of a 
chemical balance. A specimen 1 in. in 
diam, % in. thick or sheet stock 2 by 2 
by % in. is convenient. The specimen 
should be machined and polished to 
remove decarburization and to provide 
a smooth bright surface that will indi- 
cate the effect of the atmosphere on 
the brightness of the steel. The speci- 
men should be washed in solvent and 
dried before weighing and reweighing. 
It should then be placed in the furnace 
in such a way that all sides are fully 
exposed to the atmosphere. Contact 
with the alloy hearth or tray should be 
minimized and corftact with ceramic 
hearths should be completely avoided 
because such hearths may cause de- 
carburization. It is desirable to suspend 
the sample in the furnace by a high- 
alloy wire, such as nichrome. 

In the application of this method for 
determining the equilibrium point of 
an endothermic atmosphere with a dew 
point of +35 F at 1650 F, a group of 
steels of various carbon contents were 
exposed to the furnace atmosphere for 
3 hr. Results showing the change in 
weight per square centimeter are 
plotted in Pig. 7, which shows the at- 
mosphere in equilibrium with a steel 
of about 065% C 

In heat treating steels, the practical 
limit in the change in weight per 
square centimeter depends on the 
thickness and the carbon and alloy 
content of the part. For example, a de- 
crease in weight of 0.0005 g¢ per sq cm 
will affect a piece 0.020 in. thick of 
0.70% C steel enough to give a notice- 
able decrease in hardness, while the 
same steel if 0.5 in. thick may not show 
a noticeable effect in maximum hard- 
ness. In the heavier section carbon dif- 
fuses from the center to the surface 
fast enough to maintain surface carbon 
content and hardness. Many tests on 
various types of steels have established 
a theoretical limit of about +0.0002 ¢ 
per sq cm change in weight. A decrease 
of that magnitude is too small to be 
detected by a microscope. Thus, on thin 
stock the maximum practical allowable 
limit is —0,0002 g per sq cm, while on 
heavier sections and tool steels this 
limit may be as much as -—0.0005 ¢ per 
sq cm without affecting maximum 
hardness or wear resistance. 


Carbon Restoration During 
Annealing 


In the mill processing of steel some 
decarburization always occurs. This de- 
carburized layer on bars and coils may 
be eliminated by “carbon restoration”, 
that is, carburizing simultaneously with 
annealing in batch or continuous fur- 
naces. The steel must be pickled free 
from scale before the carbon restora- 
tion treatment. 

With large charges (15 to 20 tons) in 
batch furnaces it is difficult to get the 
same degree of uniformity of carbon 
content and depth of penetration as 
with a continuous furnace. To improve 
uniformity, a bar charge is sometimes 
built up in layers with spacers between 


every two layers. Also, during the heat- 
ing cycle the charge is heated slowly, at 
a rate less than 50 F per hr between 
about 1250 F and the carbon restora- 
tion temperature. 

Carbon restoration and annealing 
can be done in batch-type furnaces 
using a controllable mixture of a sub- 
stantially inert gas such as class 201 
and natural gas. 

As an example, in a batch furnace 
having a chamber capacity of about 
500 cu ft, carbon restoration of 05 to 
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Fig. 7. Method of Plotting 
Changes in Weight to Show the 
Equilibrium Point of an Endo- 
thermic Atmosphere with a Dew 
Point of +35 F on Steels of Various 
Carbon Contents at 1650 F for 3 Hr. 
Shows atmosphere in equilibrium 
with a steel of 0.62 to 045% C 


0.6% C steels has been carried out with 
an atmosphere consisting of 600 cu ft 
per hr of class 201 gas and 75 to 100 
cu ft per hr of natural gas. The natural 
gas is introduced after purging is com- 
pleted. The composition and dew point 
of the gas will vary with temperature, 
but at 1600 F the composition will be 
in the range of 2 to 4% CO, 2 to 4% 
CH, and 8 to 10% H, with a dew point 
from 0 to +10 F. The amount of natural 
gas added to the carrier gas can be 
varied in order to obtain atmospheres 
suitable for steels of different carbon 
contents. The amount of natural gas 
that is added to the carrier gas can 
also be varied during the cycle in order 
to compensate for the effect of tempera- 
ture. 

Carbon restoration during annealing 
may also be carried out by using a con- 
trollable mixture of endothermic class 
302 and natural gas in continuous fur- 
naces on bars up to 40 ft long. In such a 
furnace it is not economical to provide 
vestibules on the charge and discharge 
ends. To maintain proper conditions of 
atmosphere in the furnace the open- 
ings at the charge and discharge ends 
are restricted as much as possible and 
a large volume of inert class 201 carrier 
gas is provided in addition to the 
class 302 atmosphere. This large volume 
of gas escaping from the charge and 
discharge ends of the furnace prevents 
any objectionable infiltration of air into 
the furnace. With such a furnace, 
round bars may be loaded two or three 
deep. Bars of flat or square section will 
give best results with a single layer of 
loading 

For carbon restoration on steel of 05 
to 0.6% C the atmosphere introduced 
into a continuous furnace of chamber 
volume 1000 cu ft consists of 5000 cu ft 
per hr of class 201 gas, 3600 cu ft per hr 
of class 302 gas, and 200 cu ft per hr of 
natural gas. At 1575 F the composition 
of this furnace atmosphere will be ap- 
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Fig. 8. Cap Screw Showing De- 
carburized Surjace. x 45 
proximately 15% CO, 02% CO,, 30% 


H, and 6% CH,. The dew point will be 
from about +10 to +20 F. When using 
a mixture of endothermic gas, prepared 
nitrogen gas and natural gas, the car- 
bon potential of the furnace atmos- 
phere can be controlled by varying the 
dew point of the generator gas and by 
varying the amount of natural gas. 

Carbon restoration, simultaneous 
with annealing, has been carried out on 
steel coils in continuous furnaces. For 
this procedure the charge and dis- 
charge ends of the furnace are pro- 
vided with vestibules to minimize air 
infiltration, and the coils are pushed 
through on trays. When they are being 
loaded, coils for carbon restoration 
should be wired loosely. This will pro- 
vide maximum opportunity for the at- 
mosphere to reach all surfaces. Es- 
pecially in carbon restoration of coil 
that is to be used in cold heading oper- 
ations, the carbon potential of the 
atmosphere should be controlled so as 
not to build up the surface carbon con- 
tent to too high a level. 


Carbon Restoration During 
Hardening 


In a finished heat treated part de- 
carburization may cause a soft surface 
and consequent fatigue failure. With 
threaded parts, thread stripping may 
result from decarburization. Other 
parts requiring high surface hardness 
for purposes of wear resistance are 
spoiled by the presence of a few thou- 
sandths of an inch of decarburization. 

Surface decarburization can be 
eliminated by carbon restoration dur- 
ing the hardening treatment while aus- 
tenitizing in the proper atmosphere in 
any type of tightly sealed furnace. A 
suitable atmosphere is class 302 with 
the desired control of carbon potential 
obtained by regulating the air-gas ratio 
to the generator. Dew points used may 
vary from about +5 to +70 F as shown 
in Fig. 1, depending on the desired 
carbon potential, the heat treating tem- 
perature and the steel 

Figures 8 and 9 show a cap screw 
before and after carbon restoration. 
Another example, given in Fig. 10 and 
11, shows decarburized stock and suc- 
cessful carbon restoration at 1560 F for 
2 hr followed by water quenching. 


Carburizing 


The control of surface carbon content 
in gas carburizing is dealt with in the 
two articles on Gas Carburizing, pages 
132 to 143 of this Supplement. 


Fig. 9. Same Screw Shown in by: 8 
Ajter Carbon Restoration. ~« 45 


Homogeneous Carburizing 


Homogeneous carburizing is the car- 
burizing of work of light cross section 
so that the carbon concentration is ap- 
proximately the same throughout the 
section. For example, a thin cold 
formed part, fabricated from 1010 steel 
and then homogeneously carburized at 
050% C, will have about the same 
properties after heat treatment as if 
it had been fabricated originally from 
1050 steel. 

Figure 12 shows 1010 strip fabricated 
into a spring shape. This same section 
after homogeneous carburizing for 2 hr 
to 0.70% is shown in Fig. 13 

Homogeneous carburizing can gen- 
erally be applied to deep drawn parts 
and stampings that are cold formed 
into difficult and intricate shapes, 
when low-carbon steel is used so that 
the cold working operations can be per- 
formed satisfactorily although the final 
part must be of high carbon content 
to meet mechanical requirements 
Homogeneous carburizing can also be 
applied to simple stampings used in 
lightweight mechanisms such as type- 
writers and business machines. Other 
applications are fasteners, such as 
spring clips and lockwashers 

Homogeneous carburizing is usually 
limited to parts with cross section less 
than \% in. Beyond this thickness, there 
may be a fabrication problem and the 
heat treating cycles may be too long 
Since the diffusion rates become pro- 
gressively slower as the cross section 
approaches homogeneity, the cycles are 


Fig. 10 
Bar Stock, as Received 
depth, 0.010 to 0.012 in.; 
fected depth, 0.015 to 0.025 in. 


Round 1035 Steel Heading 
Carbon-free 
marimum af- 


longer than those ordinarily associated 
with straight carburizing 
Homogeneous carburizing can be 
accomplished in most commercial car- 
burizing furnaces. Homogeneity of 
atmosphere and temperature is most 
important. Here also, availability of 
carbon must be considered in addition 
to the carbon potential of the gas, since 
the demand of the steel for carbon may 
be relatively high-—especially on small 
parts with large surface areas. 


Atmospheres for Heat Treating 
Tool Steels 


In selecting an atmosphere that will 
protect the surface of tool stee! against 
addition or depletion of carbon during 
heat treatment, it is desirable to choose 
one that requires no adjustment of 
composition to suit various steels. A 
class 501 atmosphere (‘ammonia base) 
meets this requirement and has the 
advantage of being sufficiently reduc- 
ing to prevent oxidation of high-chro- 
mium steels. In the range of dew points 
generally found in this gas ‘(40 to 

60 F) there is no serious depletion of 
carbon, since the decarburizing action 
is slow and any loss of carbon at the 
surface is partially replaced by diffu- 
sion from the interior. For some appli- 
cations where high superficial hardness 
is of importance, a carburized surface 
can be obtained by the addition of 
about 1% methane to the atmosphere. 
Although ammonia-base atmosphere 
costs more than endothermic gas, this 
is not usually a major item of cost, since 
tool treating furnaces are generally 
small and therefore require a com- 
paratively low flow of gas 

Endothermic-base atmosphere can be 


used for the protection of tool steels 
during heat treatment. Dew point 
ranges for endothermic atmospheres 


for hardening some common types of 
tool steel are given in Table Il. The 
relatively short heating times for hard- 
ening small tools allows the treatment 
to be carried out with the theoretical 
carbon balance of the atmosphere vary- 
ing over a rather wide range. However, 
for the hardening of large die steel 
sections, the particular composition of 
the die steel that is being treated will 
require careful control of the atmos- 
phere if carburization or decarburiza- 
tion is to be avoided during the rel- 


atively long heat treating cycle. 


Fig 11. Same as Fig. 10 
After Carbon Restora- 
tion for 24 Hr at 1560 F. 


x 100 Water quenched. x 100 
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Table Il. Range of Dew Points in Furnace Using Class 302 Endothermic 
Atmosphere for Hardening Some Common Types of Tool Steels'* 


Furnace Dew Point 


AISI- ASM Tempera- Range, 
SAE Type ture,‘” deg Fahr 
Type (1048) Name of Steel deg Fahr Min Max 
H11,H12,H13, IVB Cr-W-Mo hot work die steel.............++. ++ 1850 40 54 
82 1B Si-Mn shock-resisting chisel steel............ 1550 40 60 
oO1, O02 IIA Mn nondeforming, oil-hardening die steel.... 1450 45 55 
D3, D6 lic High-carbon high-chromium, oil hardening... 1750 20 70 
81 HID Low-tungsten, chromium chisel steel 40 45 
D2, D4 1p High-carbon high-chromium, air hardening... 1850 20 70 
F2, F3 VI K Tungsten fast finishing steel 1550 23 34 
w2, W3 Ic C-V shallow-hardening die steel.............. 1500 45 55 
o7 IIA3 High-carbon low-tungsten, oil hardening..... 1550 25 36 
VIF 1500 50 65 

Til vcl 18-4-1 high speed tool steel.............-.006+ 2350 0 10 
Mi VA2 5-5-5 W-Cr-Mo high speed steel............... 2250 5 15 


(a) For short times at temperature. (b) Appropriate mid-range of hardening tem- 


perature for the type 


Atmospheres for Heat Treating 
Stainless Steels 


The protective atmospheres generally 
used for control of surface carbon dur- 
ing the hardening of commonly used 
alloy steels may be quite unsatisfactory 
for stainless cutlery steels, such as 
types 420 and 440. Atmospheres that 
are reducing to ordinary steels may be 
oxidizing to these high-chromium 
steels as well as to the austenitic stain- 
less steels and can cause the formation 
of a thin tenacious scale more difficult 
to remove than the scale produced in 
air. For this reason many such stain- 
less steel parts are heated in air and 
the scale is removed by pickling in acid 
or molten salt or by blasting with iron- 
free sand, stainless shot or aluminum 
oxide. Although the hardening tem- 
peratures are high (1800 to 1900 F), as 
are the annealing temperatures for the 
austenitic steels (1950 to 2050 F), only 
short soaking times (10 to 15 min) are 
required and decarburization is there- 
fore minimized. When scale-free heat 
treatment with maximum control of 
surface carbon is essential, an am- 
monia-base class 501 atmosphere is 
generally employed. This atmosphere is 
relatively inactive to carbon and has 
little effect at any temperature em- 
ployed for the heat treatment of the 
cutlery grades of stainless steel. When 
nitrogen is objectionable because of its 
nitriding action on certain types of 
stainless steel, dried and _ purified 
hydrogen is used, but is too expensive 
for commercial application to stainless 
steels in general. 


J 


Fig. 12. Section of a Piece of Cold 
Rolled 1010 Strip Fabricated into 
a Spring Shape Before Homoge- 
neous Carburizing 


When special properties are required, 
such as good impact resistance with 
maximum resistance to wear, about 1% 
of methane may be added to the am- 
monia-base atmosphere to carburize 
the lower-carbon cutlery grade. Con- 
trol of surface carbon concentration 
may be difficult, however, and a high 
concentration will decrease the corro- 
sion resistance of the steel. 


Atmospheres for Sintering of 
Iron-Carbon Parts 


The sintering of iron-carbon com- 
pacts usually results in a product of 
approximately 08 to 1% C. The result- 
ing high-carbon steel may have been 
shaped into such products as gears, 
cams, rollers or other small parts de- 
signed to resist wear. Because of the 
porosity of the compacts, the depth of 
case affected by a decarburizing at- 
mosphere will be far greater than in 
wrought steel. Also, a small change in 
carbon content will cause a noticeable 
change in the dimensions of a sintered 
part. For these reasons any amount of 
decarburization in an iron-carbon sin- 
tered part is detrimental, and a closely 
controlled atmosphere is required in 
the processing of these compacts 

The sintering of iron-carbon parts is 
carried out principally in roller hearth 
or mesh-belt continuous furnaces and 
box-type batch furnaces. Parts are 
commonly loaded directly on wire mesh 
trays for box or roller hearth furnaces 
and on the belt in mesh-belt furnaces 
Small parts are commonly loaded at 
random in a single layer. Other me- 


Fig. 13. Same Section After Homo- 

geneous Carburizing for 2 Hr. at 

1700 F in an Atmosphere of 0.70% 
Carbon Potential 


dium and large parts, such as gears 
that require the best possible dimen- 
sional control, are carefully set upright 
on the carriers and spaced well apart 
to allow uniform heating. If marking 
of the parts by the grid or belt becomes 
objectionable, auxiliary supports are 
used in the form of alloy sheets, either 
solid or perforated. Also, graphite slabs 
are useful supports for assuring maxi- 
mum flatness of large parts. 

The atmospheres used in sintering or 
subsequent annealing or hardening 
operations may be any of the types of 
high carbon potential, or of moderate 
carbon potential enriched with meth- 
ane or propane. Endothermic class 302 
is generally used with carbon potential 
controlled as discussed earlier. 

Since the furnace atmosphere can 
become contaminated with either car- 
bonaceous vapors from the binder or 
oxygen entrained in the voids of the 
compacts, a generous amount of at- 
mosphere should be circulated through 
the heating chamber. This is usually 
accomplished by introducing the at- 
mosphere into the furnace so that the 
flow in the heating chamber is counter 
to the progression of the work. This 
will keep the purest atmosphere in 
contact with the work at the sintering 
temperature, and at the same time the 
contaminants will be flushed out the 
entrance door as they are liberated 
from the parts being heated. The 
greater portion of the contaminants 
may be removed by having a preheat 
section ahead of the heating chamber. 
A properly vented preheat will draw 
off most of the carbonaceous vapors. 


Atmospheres for Furnace 
Brazing of Steel 


The need for and degree of carbon 
control required in the furnace braz- 
ing of steels depends largely on the 
temperature of the brazing operation. 
In the silver brazing of carbon steel 
parts, a relatively low temperature will 
be involved and no great difficulty is 
experienced with carbon control. Any 
of the suitable carbon control atmos- 
pheres may be employed. For copper 
brazing or other high-temperature 
brazing operations with carbon steels, 
the control is much more stringent. In 
this application class 302 atmospheres 
are generally suitable but may require 
hydrocarbon additions to attain the 
carbon potentials for high temperature. 

The prepared nitrogen-base class 201 
atmosphere may be suitable. This at- 
mosphere is relatively unreactive so 
that it is frequently employed where 
low-carbon parts may be joined to 
higher-carbon metal in the assembly. 

The ammonia-base class 501 and 
pure hydrogen atmospheres are em- 
ployed less commonly but nevertheless 
quite successfully. These atmospheres 
do not decarburize when dry and can- 
not carburize any part of the assembly. 
However, they are not usually applied 
except where components of the assem- 
bly may require it, as in the copper 
brazing of stainless to carbon steel. 

All the atmospheres mentioned in the 
three preceding paragraphs are of con- 
trolled carbon potential or of the re- 
ducing type. However, if it is possible 
or economically feasible to protect the 
critical surfaces with copper plating, 
then the only requirement of the fur- 
nace atmosphere is that it be reducing 
enough to prevent formation of oxides 
and to reduce any already present. 
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THIS ARTICLE outlines general pro- 
cedures for forging and heat treating 
tool steel. More detailed information on 
the heat treatment of ten specific types 
of tools is given in the 1948 Metals 
Handbook, pages 663 to 676 

Forging must be done within the tem- 
perature range indicated in Table I, 
and final forging should be done on the 
low side of the range to refine the grain 
adequately. Observing the temperature 
of the steel during forging by use of an 
optical pyrometer is of great assistance 
in controlling the quality of the forging. 
The steel can be reheated as often as 
necessary to complete the forging, pro- 
vided the above conditions are observed. 

Forged tool steel products are subject 
to various surface irregularities, such 
as laps, checks, decarburization and 
size variations, and therefore an ade- 
quate dimensional tolerance must be 
provided so as to obtain the proper 
size after removal of the surface (see 
Table II, page 154) 

Heating for Forging. The temperature 
ranges to be used are given in Table I. 
Heating should be slow enough to pro- 
vide uniform increase in temperature 
throughout the steel and to allow it to 
go through the transformation range 
with a minimum of strain. The holding 
time at the forging temperature should 
be long enough to obtain uniformity of 
temperature and structure in the steel 
before forging is started. Underheating 
prevents adequate reduction, places an 
unnecessary burden on the forging 
equipment and results in cracked pieces 
(Pig. 1). Overheating may produce a 
coarse, brittle structure (Fig. 2), or 
cracking. The constituents with low 
melting temperatures may fuse and 
cause the steel to crumble. Improper 
heating or forging practice may cause 
internal bursts (Pig. 3) 

The furnace atmosphere or heating 
medium should be adjusted to prevent 
decarburization, shown in Fig. 2. If 
this adjustment cannot be made readily, 
borax or a commercial preparation for 
the control of decarburization can be 
applied to the surface before heating 
for forging. However, borax must be 
used with caution because of its fluxing 
action on furnace hearths 

Forging Operation. Forging should 
start with light blows, which can be 
increased as the metal starts to flow. 
When to increase the force of the blows 
and when to stop and reheat are deci- 
sions at the discretion of the operator. 

Cooling. Slow cooling in a furnace or 
an inert insulating material, such as 
lime or mica, is recommended to pre- 
vent possible cracking from forging 
stresses. This kind of cooling is not 
always required for carbon steels but 
becomes increasingly important as the 
alloy content increases. The air-harden- 
ing steels must be cooled slowly. It is 
advisable to begin the normalizing or 
annealing treatment before the steel 
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cools to room temperature, but not be- 
fore it has cooled to a temperature well 
below the transformation range. 


Normalizing 


Normalizing (Table I) requires slow 
and uniform heating above the trans- 
formation range to dissolve excess 
constituents, then cooling in still air 
Normalizing breaks up nonuniform 
structures, relieves residual stresses, and 
produces greater uniformity in grain 
size (Pig. 4 and 5), thus counteracting 


Supersedes the article on pages 

653 to 655 and the table on page 

657 of the 1948 ASM Metals 
Handbook 


undesirable results of unequal reduc- 
tions for different sections during forg- 
ing, differences in temperature between 
varying thicknesses of sections, and the 


subsequent irregular cooling rates. 
Normalizing also conditions the steel 
for subsequent spheroidizing, annealing 
or hardening. Normalizing after forging 
is necessary for low-alloy tool steels, 
unless the pieces are of a simple shape 
that will assure uniform forging pres- 
sures and cooling rates 

Normalizing is not necessary for steel 
that has already been annealed by the 
manufacturer after forging. The more 
highly alloyed steels should not be 
normalized, because they harden ap- 
preciably when cooled in air from above 
the transformation range 


Annealing 


Tool steel is fully annealed to relieve 
the stresses created by hot working, to 
soften the steel for machining or 
further processing, and to condition it 
for further heat treatment. If a tool 
is to be rehardened, it should first be 
thoroughly annealed. This procedure is 
important with the steels of higher 
alloy content; otherwise irregular grain 
growth occurs and a mixed grain size 
commonly referred to as “fish scale” 
will result. Pull annealing involves heat- 
ing the steel slowly and uniformly to a 
temperature above the transformation 
range, holding at temperature for 1 to 4 
hr (which is generally long enough for 
complete penetration of the heat), and 
cooling slowly at a rate no greater than 
that shown in Table I. Controlled cool- 
ing should continue to 1100 F or lower 
The annealing can be done in an elec- 
tric, muffle, semimuffle, gas or oil-fired 
furnace, or in a liquid bath. With an 
oil or gas-fired furnace, the work should 
not be exposed directly to the flame 
Decarburization and scaling can be held 
to a minimum by using a controlled 
atmosphere or properly rectified salts, 
or by packing in a protective material 
such as clean, dry cast iron chips 
Controlled cooling is best accomplished 
in the furnace; if this is not feasible, 
some steels may be buried in an in- 
sulating material such as mica for slow 
cooling. The latter practice is not rec- 
ommended for the highly alloyed tool 
steels such as high speed steel 

Table I gives typical hardness values 
of tool steels after annealing 


Isothermal (Cycle) Annealing 


Isothermal annealing is best suited 
for applications in which full advantage 
can be taken of the rapid cooling to the 
transformation temperature, and from 
this temperature to room temperature. 
Thus, for small parts that can be 
handled in salt or lead baths, or for 


light loads in batch furnaces, isother- 
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_ Table L 


Steel‘*) — -~Normalizing‘*)— r 
Start Forging oO Not Forge Hold 
AISI- ASM at below at Tempera- 
SAE (1948) Temperature, * F Temperature, * F ture, * F 
Water-Hardening Tool Steels 
1 1A 1800-1950'« 1500 1450-1700 1360-1450'*) 
w2 Ic 1800-1950 1500 1450-1700 1360-1450 
w3 1c 1800-1950 1500 1450-1700 1360-1450 
w4 1B 1800-1950 1500 1450-1700 1360-1450 
Ws 1B 1800-1950 1500 1450-1700 1360-1450 
we 1800-1950 1500 1450-1700 1360-1450 
w7 i, 1800-1950 1500 1450-1700 1360-1450 
Shock-Resisting Tool Steels 
81 HID & IIE 1850-2050 1600 Do not normalize 1450-1500 
1850-2050 1600 Do not normalize 1400-1450 
1850-2050 1600 Do not normalize 1450-1500 
1850-2050 1600 Do not normalize 1400-1450 
S85 1850-2050 1600 Do not normalize 1400-1450 
Oll-Hardening Cold Work Tool Steels 
o1 1800-1950 1550 1600 1400-1450 
1800-1925 1550 1550 1375-1425 
06 1750-1900 1500 1625 1425-1475 
o7 Mess eee 1800-2000 1600 1650 1450-1500 
y Air-Hardening Medium-Alloy Cold Work Tool Steels 
A2 I1B2 1850-2000 1650 Do not normalize 1550-1600 
A4 ITB! 1850-2000 1650 Do not normalize 1360-1400 
A5 1B 1850-2000 1600 Do not normalize 1360-1400 
A6 1900-2050 1600 Do not normalize 1350-1375 
7 High-Carbon High-Chromium Cold Work Tool Steels 
D1 1850-2000 1700 Do not normalize 1600-1650 
D2 ........., 1850-2000 1700 Do not normalize 1600-1650 
2 D3 C1 1850-2000 1700 Do not normalize 1600-1650 
D4 1850-2000 1700 Do not normalize 1600-1650 
DS 11D2 1850-2000 1700 Do not normalize 1600-1650 
D6 cl 1850-2000 1700 Do not normalize 1600-1650 
Chromium Hot Work Tool Steels 
Hil IVB 1950-2100 1650 Do not normalize 1550-1650 
H12 IVB 1950-2100 1650 Do not normalize 1550-1650 
H13' =IVB 1950-2100 1650 Do not normalize 1550-1650 
= 1950-2150 1700 Do not normalize 1600-1650 
1900-2100 1650 Do not normalize 1550-1600 
igi H16 IVD 1950-2150 1700 Do not normalize 1600-1650 
Tungsten Hot Work Tool Steels 
1950-2150 1650 Do not normalize 1600-1650 
1950-2150 1650 Do not normalize 1600-1650 
1950-2150 1650 Do not normalize 1600-1650 
H22 , 1950-2150 1800 Do not normalize 1600-1650 
H24 1950-2150 1750 Do not normalize 1600-1650 
H25 =OIVF3 1950-2150 1700 Do not normalize 1600-1650 
1950-2150 1750 Do not normalize 1600-1650 
Molybdenum Hot Work Tool Steels 
H41 1900-2050 1700 Do not normalize 1500-1600 
his . 1900-2050 1700 Do not normalize 1550-1650 
errr . 1900-2050 1700 Do not normalize 1500-1600 
Tungsten High Speed Tool Steels 
Tl 1950-2150 1750 Do not normalize 1600-1650 
T2 2a 1950-2150 1750 Do not normalize 1600-1650 
T3 vc3 1950-2150 1750 Do not normalize 1600-1650 
Tg Se 1950-2150 1750 Do not normalize 1600-1650 
TS VbD3 1950-2150 1800 Do not normalize 1600-1650 
T6 VD 1950-2150 1800 Do not normalize 1600-1650 
T7 . 1950-2150 1750 Do not normalize 1600-1650 
Ts vpi 1950-2150 1750 Do not normalize 1600-1650 
To 1950-2150 1800 Do not normalize 1600-1650 
T15 gicd* 2 ‘ 1950-2150 1800 Do not normalize 1600-1650 
Molybdenum High Speed Tool Steels 
Mi VA2 1900-2100 1700 Do not normalize 1500-1600 
M2 VA3 1900-2100 1700 Do not normalize 1600-1650 
M3 one 1900-2100 1700 Do not normalize 1600-1650 
M4 VA4 1900-2100 1700 Do not normalize 1600-1650 
M6 Sa 1900-2100 1700 Do not normalize 1600 
M7 e068 1900-2100 1700 Do not normalize 1500-1600 
MB iia 1900-2100 1700 Do not normalize 1550-1600 
M10 VAI 1900-2100 1700 Do not normalize 1500-1600 
rrr 1900-2100 1700 Do not normalize 1600-1650 
M30 «OVBI 1900-2100 1700 Do not normalize 1600-1650 
MM 60VB2 1900-2100 1700 Do not normalize 1600-1650 
sine M35 VBS 1900-2100 1700 Do not normalize 1600-1650 
, 1900-2100 Do not normalize 1600-1650 


1800-2000 
L2 IIIA 1800-2000 
L3 Vis. 1800-2000 
14 VIFI1& E 1800-2000 
F2 VIK 1800-2000 
F3 VIK 1800-2000 
Pi 
P3 VIB 1850-2050 
PS .. 1850-2050 
1950-2150 
. 1850-2050 
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1550 1600-1650 

1550 1650 

1550 1650 

1550 1650 

1550 1600 

1550 1650 
Carbon-Tungsten Tool Steels 

1550 1650 

1650 1650 

1650 1650 

Low-Carbon Mold Steels 

th) Not required 

1550 Not required 

1550 Not required 

1600 Do not normalize 

1550 Not required 

1700 Not required 


1600 1650 
(Continued on the next page) 


1425-1475 
1400-1450 
1450-1500 
1425-1475 
1425-1475 
1400-1450 
1450-1500 


1400-1475 
1450-1500 
1450-1500 


1350-1650 
1350-1500 
1350-1500 
1600-1650 
1550-1600 
1550 
1400-1450 


————Annealing‘‘ 


Cooling 
Rate, 


* F per hr 


Sessss sexs 


SSS Sesssss 


Forging, Normalizing and Annealing Treatments for Principal Types of Tool Steels 


Approx 
Brinell 

Hardness 


159-202 
159-202 
163-202 
159-202 
163-202 
163-202 
163-202 


183-229 
192-217 
183-212 
192-229 
192-229 


183-212 
183-212 
183-217 
192-217 


202-229 
200-241 
228-255 
217-248 


207-248 
217-255 
217-255 
217-255 
223-255 
217-255 


192-229 
192-229 
192-229 
207-235 
207-229 
212-241 


207-235 
207-235 


207-235 
207-235 
207-235 


217-255 
223-255 
229-269 
228-269 
235-275 
248-293 
217-255 
228-255 
235-277 
241-277 


183-212 
183-212 


183-207 
207-235 
212-248 


75 
75 
75 
75 
75 
75 
75 
50 
50 
50 
50 
213-255 
217-241 
207-235 
217-241 
50 207-235 
50 212-241 
50 223-255 
50 223-255 
50 248-277 
50 217-255 
25-30 217-241 
50 207-235 
50 241-277 
50 235-269 
50 235-269 
50 235-269 
50 235-269 
(: Low-Alloy Special Purpose Tool Steels 
1550 f 50 179-207 
(f) 163-196 
174-201 
179-207 
183-223 
81-100 
103-123 
109-137 
116-128 
105-110 
207 
150-180 


mal annealing makes possible large 
savings in time, as compared with the 
conventional slow furnace cooling. It 
can also be adapted conveniently to 
continuous annealing cycles where ade- 
quate equipment is available. 

Generally, isothermal or cycle an- 
nealing consists of austenitizing at a 
temperature usually not higher than 
100 F above the Ac, temperature, and 
cooling rapidly to a temperature usu- 
ally not more than 100 F below the 
Ac, temperature. The steel is held at 
this lower temperature until trans- 
formation to the annealed product is 
complete, and is then cooled to room 
temperature in air. There is no metal- 
lurgical reason for slow cooling during 
the change from the austenitizing to 
the transformation temperature, or 
after transformation is completed. 

The austenitizing temperatures for 
full annealing, listed in Table I, can 
be used as an approximate guide for 
isothermal annealing. Time-tempera- 
ture transformation charts for partic- 
ular steels may be consulted for more 
specific information. The time at the 
austenitizing temperature is generally 
2 hr. The transformation times and 
temperatures are usually 3 to 6 hr 
at 1275 to 1300 F for the W, S and L 
steels, and 4 to 6 hr at 1400 to 1450 F 
for the A, D, H, T and M steels. 

Isothermal annealing offers no par- 
ticular advantage for applications such 
as the batch annealing of large furnace 
loads in which the rate of cooling at 
the center of the load may be so slow 
as to preclude any rapid cooling to the 
transformation temperature. For such 
applications, conventional full anneal- 
ing usually offers a better assurance of 
obtaining the desired properties. 


Stress Relieving 
Stress relieving removes residual 


stresses induced in tools by heavy ma- 
chining or other cold working. The 


Table I. 


Steel'* 


Fig. 1. Cracks Resulting from Underheating During Forging 


elimination or reduction of these 
stresses decreases the probability of 
cracking and excessive distortion dur- 
ing hardening of the tool. The usual 
range for such stress relieving is from 
1100 to 1300 F. Protection against scal- 
ing or decarburization usually is not 
required. Cooling should be slow enough 
to avoid introducing new stresses. The 
higher the temperature ‘below the 
transformation range), the greater the 
stress relief. The amount of stress re- 
lief obtained by this procedure is usu- 
ally sufficient; for complete relief the 
steel must be fully annealed 

After stress relieving, it may be neces- 
sary to correct certain dimensions be- 
fore hardening, since relief of stresses 
causes some dimensional change. Pre- 
cision tools are usually stress relieved 
after machining and before hardening 
but it is often desirable to rough ma- 
chine, then stress relieve before finish 
machining 

The ground surface of a hardened 
tool may be highly stressed after grind- 
ing but not cracked. These high stresses 
may develop cracks immediately after 
grinding, before use or during use. Tools 
in such condition can often be salvaged 
by stress relieving, immediately after 
grinding, at or just below the tempering 
temperature in order to maintain the 
specified teol hardness 

Tools also develop high residual stress 
in use. It is sometimes advantageous 
to relieve such stresses at each re- 
dressing of the tool by retempering at 


Normalizing'‘*’ 


F reing 
Start Forging o Not Forge Hold 


AISI- ASM at 
SAE (1948) 


1800-2000 
1800-2000 
1900-2100 
1950-2150 
1900-2100 
1900-2100 
1900-2100 
1800-2000 
1800-2000 


(a) The compositions of these principal types of tool steels are 
listed on page 22 of the 1954 Supplement. 


(b) The 
range 
and heavy or rapid reductions 
sections and lighter reductions 
increases, the time of soaking at 
proportionately 


temperature at which 


Temperature, ° F 


Other Steels Listed in 


to start forging is given as a 
the higher side of which should be used for large sections 
and the lower side for smaller 
As the alloy content of the steel 
forging temperature increases 
Likewise, as the alloy content 


below at 
Temperature, * F 


Do not normalize 
Do not normalize 
Not required 
Do not normalize 
1600 


ture, varies from 


for heavy 


increases, it be- 


limit of which should be used for 
limit for smaller sections 
after being uniformly 
about 
furnace charges of carbon or low-alloy 
sections and large furnace 

(e) Forging, normalizing and annealing temperatures of water- 
hardening tool steels are given as ranges because they 


the proper temperature for the tool in 
question. The temperature for such 
stress relief should never exceed the 
tempering temperature; otherwise, un- 
desirable softening will occur 


Hardening 


The purpose of hardening is to de- 
velop a serviceable combination of 
hardness, toughness and wear resist- 
ance. The treatment consists of heating 
the steel to a temperature above the 
transformation range, holding at that 
temperature to obtain solution of car- 
bides, and then cooling rapidly in 
water, oil, or some other quenching 
medium, depending on the type of steel 
used. Quenching is followed by tem- 
pering, as discussed below. The recom- 
mended hardening ranges and quench- 
ing mediums for the various types of 
tool steel are given in Table III. The 
hardening of specific tools is described 
on pages 663 to 675 of the 1948 Metals 
Handbook: the heat treatment of gages 
on page 31 of the 1954 Supplement; 
tools for hot extrusion on page 26, and 
tools for cold drawing on page 27 

Equipment used for hardening tool 
steels includes direct-fired and semi- 
muffie oil] and gas furnaces, gas and 
electric furnaces with controlled atmos- 
phere, and liquid baths. Liquid baths 
are best suited for a large volume of 
work and continuous operation; con- 
trolled atmosphere furnaces heat more 
slowly and are more economical for 


Forging, Normalizing and Annealing Treatments for Principal Types of Tool Steels (Cont.) 


Annealing" 
Cooling 
Rate 

F per hr 


Approx 
Brinell 
Hardness 


Tempera- 
ture,’ F 


1948 Metals Handbook and Not Included Above 


1475-1525 
1475-1525 
1350-1500 170 
1550-1600 20) 


50 “217 
(f) 
(f) 
1400-1450 if) 79-207 
(f) 
(f) 
5O 


217 


1400-1450 212 
1425-1475 212 
1425-1475 -201 
1450-1500 201 


large sections and the lower 
The length of time the steel is heid 
heated through at the annealing tempera- 
one hour for light sections and small 
tool steel, to about 4 hr 
charges of high-alloy steel 


vary with 


comes more necessary to cool slowly from the forging tempera- 
ture. With very high-alloy steels, such as high speed steels and 
air-hardening steels, this slow cooling is imperative in order to 
prevent cracking and to leave the steel in a semisoft condition. 
Either furnace cooling or burying in an insulating medium such 
as lime, mica, or silocel, is satisfactory 

(c) The length of time the steel is held, after being uniformly 
heated through at the normalizing temperature, varies from about 
15 minutes for a small section to about one hour for large sizes 
Cooling from the normalizing temperature is done in still air. 
The purpose of normalizing after forging is to refine the grain 
structure and to produce a uniform structure throughout the 
forging. Normalizing should not be confused with low-tempera- 
ture (about 1200 F) annealing used for the relief of residual 
stresses resulting from heavy machining, bending and forming 
(d) The annealing temperature is given as a range, the upper 


carbon content 
Forging 
0.60 to 1.25% 
1.25 to 140% 
Normalizing 
0.60 to 0.75 
0.75 to 0.90 
0.90 to 1.10 
1.10 to 140% 
Annealing 
0.60 to 0.90% 1360 to 1400 F 
0.90 to 140° 1400 to 1450 F 
(f) Slowly in furnace 
(g) Forging should be done between 2200 and 2350 or 1450 and 
1550 F; the stee! should not be worked between 1600 and 1900 F 
th) Should not be forged below 1900 or 1450 F isee note g) 


The following temperatures are recommended 


the range given 
the low side of the range 


1500 F 
1450 F 
1600 F 
1600 to 1800 F 
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) 
» 
« 
4 
IVA2 1650 
1550 
VID 1600 
.. VIF2 1550 
> VIF3 1550 1600 
VIG 1550 1650 
VIH 1550 1650 
1550 1650 


Fig. 2. Excessive Decarburization ane, Coarse Grain from Overheating during 
orging 


small production and intermittent op- 
eration. Tools have been heated for 
hardening by induction, especially 
where differential hardening is neces- 
sary or a large number of similar tools 
of a suitable size and shape are in- 
volved, For complete details on fuel- 
fired furnaces see pages 267 to 272 of 
the Metals Handbook, pages 273 to 280 
for information on electric furnaces, 
pages 283 to 291 for salt baths, and 
pages 107 to 123 (this Supplement) for 
induction heating 

Heating for Hardening. The rate of 
heating for alloy tool steels should be 
slower than for plain carbon steels and 
should decrease as the alloy content 
increases. Slow, uniform heating re- 
duces warpage. Heating for hardening 
is most rapid in molten baths and by 
induction, slower in open or semi- 
muffie fuel-heated furnaces, and slow- 
est in electric or muffle furnaces. Rate 
of heat transfer is also affected by the 
type of furnace atmosphere and the 
circulation of atmosphere. 

Since dimensional changes occur in 
steel during heating, some stress is pro- 
duced in the tool, depending on its 
size and shape. To avoid sudden changes 
in temperature and to reduce thermal! 
shock, large or intricately shaped tools 
should be charged in a furnace operat- 
ing at low temperature, preferably be- 
low 1200 F. After their temperature 
has been equalized with that of the 
furnace, the tools can be heated to the 
hardening temperature. 

Preheating in a separate furnace at 
1000 to 1300 F, then transferring to 
another furnace held at the hardening 
temperature is common for tool steels 
that are hardened from temperatures 
below 2000 F. This reduces the time 
required in the hardening furnace and 
avoids excessive stresses, scaling and 
decarburization. High speed steels and 
others that are quenched from above 
2000 F should be preheated at 1400 to 
1600 F, depending on the type, before 
transfer to the hardening furnace. 


Holding at Temperature. To achieve 
uniform heating may require manipula- 
tion of the tool during heating. Because 
steels are soft at or above their hard- 
ening temperature, tools should be sup- 
ported properly with suitable fixtures 
above the furnace hearth to avoid 
sagging and to reduce the tendency to 
warp. Long, slender tools should be 
supported vertically when practicable 

A range of temperature is given in 
the recommendations for hardening 


Fig. 3. Center Burst Resulting from 
Improper Forging Practice 


temperature (Table III); however, this 
does not mean that satisfactory results 
can always be obtained if the tool is 
held anywhere within that range. Gen- 
erally, small or intricately shaped tools 
are heated to the low side of the range 
and larger sizes to the high side. The 
best hardening temperature is the one 
that produces the best combination of 
as-quenched hardness and grain re- 
finement. The tool should be held at 
temperature long enough to attain uni- 
form temperature throughout the sec- 
tion and proper solution of the car- 


Table Il. Tolerances and Machining Allowances for Hot Finished Tool 
Steel Forgings 


Diameter or Distance 
Across Flats,'"’ in 


Allowance for 
Machining, in. 


Additional Tolerance 
Over in. 


1/8 1/8 


3 or less 

5 3/16 3/16 
5 to 7 cased 5/16 5/16 
Tto 12 3/8 3/8 
12 to 18 1/2 1/2 
18 to 24 5/8 5/8 
24 to 32 3/4 a/4 


(a) Width and thickness tolerances are 


first column, the inside and outside diameters take their own respective tolerances. 
(b) All values are plus as given, minus zero 
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in accordance with the dimensions given in 


bides, so as to produce the desired 
hardness, structure and grain size 
Excessive time at or above the hard- 
ening temperature may cause grain 
coarsening and, under certain condi- 
tions, surface decarburization, carburi- 
zation, or cracking (Fig. 6). This in- 
creases the hazard of cracking in 
quenching and may impair the resist- 
ance of the tool to repeated stresses in 
service. Underheating may result in low 
hardness with lower wear resistance. At 
the time of quenching, if the center of 
the tool is cooler than the exterior, 
spalling or fracturing of the corners 
may result (Pig. 7), particularly with 
water-hardening steels 


Atmospheres and Salt Baths 


In producing tools that will give 
maximum service life, it is essential 
to control the furnace atmosphere or 
the liquid heating medium surrounding 
the tool during heating for hardening, 
to avoid detrimental decarburization, 
carburization and scaling 

The selection of the furnace atmos- 
phere or the liquid heating medium 
depends on the chemical composition 
of the tool steel and on the hardening 
temperature. For carbon tool steel (W), 
oil-hardening stee] (O), and other types 
hardened below 1600 F, a slightly oxi- 
dizing or neutral condition gives best 
results. For hot work steel (H), a neu- 
tral condition gives best results. For 
air-hardening steel (A), high-carbon 
high-chromium steel (D), and high 
speed steel (M and T) that are hard- 
ened above 1600 F, a reducing or neu- 
tral condition gives best results. 

For further information the reader 
may refer to the following five articles: 


1 Salt Baths, page 283, 1948 Metals 
Handbook 

2 Lead Baths, page 291, 1948 Metals 
Handbook 

3 Protective Furnace Atmospheres, 
page 294, 1948 Metals Handbook 

4 High Speed Stee! Cutting Tools, page 
665, 1948 Metals Handbook 

5 Control of Surface Carbon Content in 
the Heat Treatment of Steel, page 144, 
this Supplement 


Pack Hardening. If controlled-atmos- 
phere furnaces or liquid baths are not 
available and it is necessary to protect 
the surface, pack hardening may be 
used. The tools are packed in a con- 
tainer with cast iron chips, spent car- 
burizing compound, pitch coke or other 
neutral material, which should be dry 
and free from dirt or scale. The entire 
charge is sealed, brought up to the 
hardening temperature, and when the 
tools are heated through, they are 
quickly removed and quenched. 

The possibility of carburization or 
decarburization from packing material 
must be considered. Carburization may 
cause cracking during quenching, 
grinding sensitivity or later failure by 
cracking in service. Decarburization or 
carburization by pack hardening can 
be completely avoided by first copper 
plating the tool to be pack hardened. 
Since copper melts at 1981 F, its use 
to protect against carburization or de- 
carburization is limited to steels that 
can be hardened from below this tem- 
perature. Advantages of pack harden- 
ing result from the relatively slow rate 
of heating, which promotes good uni- 
formity of temperature, and from good 
support of delicate and intricate tools 
so that distortion is minimized. 


- 
i 
4" 
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Pyrometers. Adequate pyrometer 
equipment is essential to good heat 
treating results. The modern indicating 
or recording pyrometer is a precision 
instrument that should have the best 
of care and should be checked regularly. 
For accurate measurement of tempera- 
ture the thermocouple should be placed 
on the tool or as close as possible to it. 

Base-metal couples have short service 
life at temperatures above 2000 F, but 
they can be replaced frequently at small 
cost. Platinum thermocouples and op- 
tical pyrometers are more commonly 
used for temperatures above 2000 F 
Often both an indicator and a recorder 
are used in automatic control systems, 
with one providing verification of the 
other (For more information on 
pyrometers and thermocouples see the 
article on page 174 of the 1948 Metals 
Handbook.) 

Quenching. Selection of the quench- 
ing medium is determined by the speed 
of cooling necessary to harden a steel. 
This factor is affected by the composi- 
tion and hardenability of the steel 
(Table III). The most common quench- 
ing mediums are water, brine, oil, air 
and molten baths. The volume of cool- 
ant should be sufficient to maintain the 
quenching medium at the proper tem- 
perature for uniform results. 

Water. The water should be at a 
fairly constant temperature, from 60 
to 80 F. Warm water is less satisfactory 


because it vaporizes faster and prevents 
effective removal of heat. Aerated water 
may produce soft spots. Sprays or 
geysers are a great help in obtaining 
uniform hardness by eliminating gas 
pockets and washing away scale that 
may be present. Ring or cold header 
dies are commonly quenched with a 
spigot or quick-acting valve and special 
fixtures. If still water is used, tools 
should be quenched with short, brisk 
up-and-down movements 80 as to cool 
them rapidly through the transforma- 
tion range. Best results are obtained 
if the tools are removed from the bath 
while still warm (slightly below 200 F). 

Brine. Tools are quenched more 
effectively in 5 to 10% sodium chloride 
brine than in water, especially when 
still or mildly agitated baths are used. 
Brine has less tendency to form steam 
on contact with hot steel and less 
tendency to absorb and release atmos- 
pheric gases. Tools quenched in brine 
will throw their scale more readily, 
producing a cleaner surface of more 
uniform hardness. Brine should be at 
a fairly constant temperature, from 60 
to 80 FP. 

Submerged sprays or geysers should 
be used for tools having considerable 
mass or intricate shape requiring a 
directed flow of quenchant. Cooling 
efficiency of the brine is not increased 
by increasing salt concentration to more 
than 10%. In fact, the quenching speed 


Fig. 5. Structure after Normalizing 


is reduced as salt concentration ap- 
proaches a saturated solution (26%). 

Tools quenched in brine should be 
rinsed in water to decrease suscepti- 
bility to corrosion. They should be re- 
moved from the bath when their tem- 
perature is approximately 150 to 200 F 
and should be tempered without delay. 
An alternative is to place the tools in a 
bath at 150 to 200 F until tempering 
is possible 

Because of the steep thermal gradi- 
ent between surface and center of large 
sections during the quenching opera- 
tion, such sections should be equalized 
at 150 to 200 F before the tempering 
treatment 

Oil, Because the removal of heat is 
slower than in water or brine, quench- 
ing in oil causes less warpage and 
lower residual stresses in the steel. Best 
results are obtained from an oil quench 
at 100 to 150 FP, or sometimes at higher 
temperatures as a precaution against 
cracking. Cold quenching oil may pro- 
duce variable hardness or cracking be- 
cause of its high viscosity. A satisfactory 
quenching oil is reasonably stable, does 
not react chemically with the hot steel, 
has a high flash point, and the same 
quenching speed over a wide range of 
temperature. Oils of various quenching 
speeds are available. For further infor- 
mation, the reader may refer to the 
section on liquids for deep hardening 
steels, page 618, 1948 Metals Handbook. 


Fig. 6. Cracks 
Cutters of M2 High Speed 
Steel Caused by Segregation 
and Overheating in Hardening 


and Seams in 
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Fig. 4. Nonuniform Structure before Normalizing 
| 
A 


Table Il. Comparison of Principal Groups of Tool Steels 


Hardening 


Distortion 


in 
Hardening 


Med-High 
(a) Steels in groups F, P and L are omitted from this table 
because they represent specialized applications. 
(b) The purpose of this column is to show the broad ranges of 
temperature employed in hardening. This information may serve 


Oil baths should be checked fre- 
quently for the presence of water, which 
is undesirable as it may cause cracking. 
Excessive amounts of scale and sludge 
on the bottom should be avoided. Com- 
pressed air should not be used for agita- 
tion. Tools hardened in a salt bath 
should be quenched in a straight min- 
eral oil, which will not be decomposed 
by the salt on the tools. 

Air. Cooling in air is preferred for 
hardening certain types of highly al- 
loyed tool steels, including the air- 
hardening die steels (A and D), and 
sometimes for hot work steels (H) and 
high speed steels (M and T). These too) 
steels may be air cooled in any of sev- 
eral ways: (1) still air, which is atmos- 
pheric air undistributed by artificial 
circulation; (2) air discharged from a 
fan; or (3) an air blast, which is the 
discharge of compressed air from a 
high-pressure line. 

When any of the three methods are 
used, the tool should be supported 
(preferably on a screen off the floor) 
so as to allow uniform access of air 
to all surfaces. If a blast of compressed 
air is used, the alr must contain no 
water, which can readily cause crack- 
ing of an air-hardening steel. 

Straightening. In general, water- 
hardening steels warp more than oil- 
hardening steels, and air-hardening 
steels warp the least. Long thin tools 
warp more than short heavy ones. 
Causes of excessive warpage may be 
heavy machining or cold working 
stresses, poor tool design, improper sup- 
port or improper heating conditions, 
and wrong quenching practice. 


Fig. 7. Fractures Caused by Non- 
uniform Hardening Temperature 
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Safety 
in Quenching 
Hardening Medium 
1400 
1400 
1450 
1700 
1700 
2150 
2125 
1550 


Oil, Air, Salt 
Oil, Air, Salt 
Water, Oil 


Metals Handbook. 


Tools may be straightened by peen- 
ing or bending in a vise or suitable 
press, or by rolling between plates of 
suitable thickness. When straightening 
is required, it should be done during 
cooling from the hardening tempera- 
ture. For water-hardening and oil- 
hardening steels, the tools should be 
withdrawn from the quenching bath 
at about 500 to 600 F, and straightening 


Fig. 8. Induced by Tem- 
pering Too Late after Quenching 


may be continued to just above the 
M, point (about 400 F for most types). 
Air-hardening or high speed steels may 
be straightened at any time during 
cooling, preferably before they reach 
400 

Interrupted Quenching. High speed 
and other highly alloyed steels fre- 
quently are given an “interrupted” 
quench in oil, salt or lead, to about 
1000 F, and then cooled in still air 
to a temperature at which the steel 
can be handled with the bare hands. 
By air cooling below 1000 F, cooling 
stresses are reduced, which minimizes 
distortion, During the air cooling cycle, 
the tool may be straightened with small 
likelihood of breakage until a tempera- 
ture of 400 F is reached. 

If the temperature of the steel, when 
removed from the quenching medium, 
is just above the temperature at which 
martensite begins to form during cool- 
ing (400 to 600 F) the method is called 
“marquenching”, a procedure that gen- 
erally minimizes distortion and crack- 
ing in irregularly shaped parts of 
medium or highly alloyed steels. The 
cooling rates obtainable in the molten 
baths for marquenching restrict this 
quenching method to steels that can be 
hardened in oil or air with conventional 
quenching. Advantages of interrupted 
quenching are that it decreases (1) 
warpage, (2) possibility of cracking dur- 
ing quenching, (3) surface oxidation 
and (4) temperature differential be- 
tween the surface and center of the 
tool before cooling through the trans- 
formation range. 


Temperature 
Range,‘"’ of 
deg Fahr 


Depth Tendency 
Toward 


Hardening Decarburization 


to Shallow Low 
to Low 
to Medium 
to Medium 
to Medium 
to Medium 
to High 
to Medium High 


to indicate the heat treating equipment required; it is not to be 
used as a specification. For more exact information, see the arti- 
cles on heat treatment of tool steels, pages 660 to 676 of the 1948 


Tempering 


Quenched tools are often in a highly 
and nonuniformly stressed condition. 
The stresses are relieved by heating the 
hardened tool to a temperature well 
below the transformation range and 
then cooling slowly to room temper- 
ature. This tempering treatment also 
“toughens” the steel. Since the dan- 
ger of cracking is most pronounced 
just after quenching, the tools should be 
tempered as soon as they can be han- 
died comfortably with bare hands. 
Figures 8 and 9 show failures caused 
by delaying tempering after quenching. 

Rate of Heating. Heating to the tem- 
pering temperature should be slow to 
obtain uniform distribution of tempera- 
ture within the tool and to prevent 
the nonuniform relief of hardening 
stresses that could cause cracking or 
warping. Satisfactory results may be 
obtained by charging the tools into a 
freely circulating medium at the de- 
sired tempering temperature and then 
permitting them to reach this tempera- 
ture. Various mediums may be used 
for tempering. If liquid is employed, the 
tools should be placed in a basket and 
not permitted to come in contact with 
the hot walls or bottom of the pot or 
tank. Heat transfer is most rapid for 
molten lead baths, less for salt and oil 
baths, and slowest in still air. 

Enough time should be allowed dur- 
ing tempering for the temperature to 


7 8 9 11 


Fig. 9. Cracks Caused by Delay in 
Tempering after Quenching 


be distributed uniformly through the 
tools before time at temperature is 
counted, especially at low tempering 
temperatures and with tools that have 
large sections. Table IV indicates the 
time needed for various section sizes 
to reach temperature completely in 
different kinds of furnaces. If not 
enough time is allowed for the tool to 


Group™” 
AlsI- ASM 
“es SAE (1948) 
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Fig. 10. Grinding Cracks Caused by 
Absence of Stress Relief 


reach the tempering temperature, the 
result will be unequal tempering and 
possible damage to the tool, Color of 
the oxide film should not be used as a 
guide in tempering, because these tem- 
per colors merely indicate the surface 
temperature of the tool and not the 
internal temperature. Tendency for 
grinding cracks in hardened tools may 
sometimes be traced to inadequate tem- 
pering (Pig. 10 and 11). 

Time at Temperature. With certain 
exceptions for highly alloyed tool steels, 


the lower the tempering temperature, 
the longer the tool must be tempered 
to effect the desired results. Specific 
time-temperature recommendations for 
particular steels and tools are given in 
the pertinent articles in the 1948 Metals 
Handbook and the 1954 Supplement 

Multiple Tempering is more effective 
than a single tempering operation for 
highly alloyed steels. Double or triple 
tempering is often advisable for air- 
hardening (A and D), hot work (H), 
and high speed steels (T and M). The 
first treatment tempers the martensite 
formed during quenching and condi- 
tions the retained austenite for trans- 
formation to martensite during cooling 
to room temperature from the temper- 
ing temperature. The second treatment 
is then necessary to temper the marten- 
site formed during the first tempering 
operation. The third tempering, when 
used, further decreases the amount of 
untempered martensite still remaining 

Cooling after tempering should be 
relatively slow in order to prevent resi- 
dual stresses in the steel. Still air is 
generally a satisfactory medium 

Cold Treatment. The purpose of cold 
treatment is to increase the transfor- 
mation of retained austenite to marten- 
site. The usual practice is to cool the 
tool, after tempering, to a subzero tem- 
perature in the range from -—90 to 
120 F, and then retemper it. Tool steels 
such as high-carbon high-chromium 
(‘D) and high speed (M and T), which 
have a considerable amount of retained 
austenite after quenching, may benefit 
from cold treatment. Cold treatment 
will not correct the coarse grain struc- 
tures (which may impair toughness) 
caused by overheating during harden- 
ing. Cold treatment used in conjunction 
with multiple tempering is effective for 


Table IV. Approximate Heating Time to Attain Tempering Temperature 
(Must not be used as tempering time) 


Time Required to Reach Furnace Temperature, ‘*) min per in. 


In a Hot Air Oven,— 
Without Circulation’* 


~In a Circulating Air Oven— 
or an Oil Bath'*’ 


Tempering 
Temperature, Cubesor Squaresor Average Cubes or Squaresor Average 
deg Fahr Spheres Cylinders Flats Spheres Cylinders Flats 
250 30 55 80 15 20 » 
300 30 50 75 15 20 30 
350 30 50 70 15 20 30 
400 25 45 65 15 20 30 
500 25 40 60 15 20 30 
600 25 40 55 15 20 30 
700 20 35 50 15 20 30 
800 20 3 45 15 20 30 
900 20 wo 40 15 20 30 
(a) Data are per inch of diameter or thickness, with furnace maintained at the 


temperature indicated in column 1 
for 900 F 


For temperatures above 900 F, 
Data may be used as a guide for charges of irregular shapes and quantities 


use times quoted 


by estimating total size of charge and applying the above allowance to the number of 


inches from outside to center of charge 


(b) Figures apply to a dark or scaled surface on the tool 


If the tool surface is finish 


ground, or otherwise brightened, twice as much time should be allowed in a still hot-air 


oven 
in an oil bath 


No extra allowance need be made for bright surfaces in a circulating oven, or 


(ic) An oil bath can be used only at the lower temperatures. 


The 1948 Metals Handbook describes, 
in separate articles, the heat treatment 
of three major classes of tool steel: 
Carbon tool steel 
“Nondeforming” tool steel 
Shock-resisting tool steel 
The remainder of the 1948 section 
on tool steels consists of ten articles on 
the heat treatment of specific tools: 


Metals Handbook Articles on Heat Treatment of Tool Steels 


High speed steel cutting tools 

Die blocks and hot die inserts 

Hot forging machine tools 

Hot and cold trimming tools 

Solid shear blades 

Press tools for cold shearing, blank- 
ing, punching, forming and coining 

Cold heading dies 

Thread-rolling dies 


Stabilizing the dimensions of gages 
A Nitride Case will often increase 
tool life and can be applied to any type 
of high speed steel (M and T). This 
treatment produces a surface hardness 
substantially greater than obtained by 
the usual hardening procedure. Such a 
case is produced by heating the finished 
tool in a cyanide bath at 1050 F for 15 
min to 2 hr. Time at temperature de- 
pends on the depth of case desired, The 
usual time is about 30 min. An impor- 


Fig. 11. Grinding Cracks Caused by 
Omission of Tempering 


tant factor before nitriding is a fine 
finish on the cutting edges and faces of 
the tool subject to chip wear. The treat- 
ment also results in additional temper- 
ing and the relief of detrimental sur- 
face stresses set up during finishing 

Hard Chromium Plating is particu- 
larly helpful on cutting tools such as 
taps and reamers that may clog with 
chips or where the chips may weld to 
the cutting edges. A fine finish before 
plating is important. Plate thickness of 
0.0001 to 0.001 in. is usually sufficient 
After plating, the tools should be streas 
relieved at 300 to 400 F to prevent 
hydrogen embrittlement 

Oxide Coating produces a thin (ap- 
proximately 0.0001-in.) coating of black 
iron oxide (Fe.O,) that adheres tena- 
ciously to a steel surface. When ap- 
plied to finished high speed steel tools, 
the coating aids in holding lubricants 
and resisting chip pickup and wear. The 
treatment also results in additional 
tempering and relief of surface stresses 
formed during finishing of the tools 

The oxide coating is applied to tools 
that have been properly hardened, tem- 
pered and ground. The process consists 
of heating the finished tools in a re- 
circulating type of furnace at 950 to 
1050 F using a steam atmosphere and 
sufficient time to produce the desired 
depth of oxide followed by cooling 
in alr. 


Die-casting dies and permanent 
molds 
Plastic molds 


Heat treating information 


in- 
cluded in the 1954 Supplement for the 


was 


following items: gages (page 31), tools 
for hot extrusion (page 26), and tools 
for cold drawing (page 27) -— none of 


which were in the 1948 Handbook 
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SELECTION of the proper electrodes 
for manual are welding of low-carbon 
steel depends on the quality required 
in the welded assembly, the equipment 
available, the weld location, cost, base 
metal, joint design and desired weld 
properties. The influence of each of 
these factors and their interrelations 
as they affect production welding are 
described in this article 

The ten principal types of electrodes 
commonly used are listed in Table I by 
their AWS-ASTM designations. The 
classification is on the basis of tensile 
strength of the deposited weld metal, 
type of covering, type of current, and 
weldirig positions of the electrodes. Any 
electrode included under one classifica- 
tion is not included under another. The 
prefix “E” designates electric arc weld- 
ing electrodes. The first two digits in- 
dicate tensile strength of deposited weld 
metal; for example, E60xx means 60,000 
psi tensile strength (not stress re- 
lieved). The third digit indicates posi- 
tion of the work: Exxlx indicates all 
positions; Exx2x indicates horizontal 
fillets or flat position; Exx3x indicates 
flat position only. The fourth digit can- 
not be considered individually; the 
third and fourth digits together indi- 
cate polarity. There are no require- 
ments for chemical composition of 
either the wire or weld metal. 

Several of these electrodes are called 
“all-purpose” because they will make a 
satisfactory weld in all welding posi- 
tions, The engineer's problem is to de- 
termine which one of the many avail- 
able should be used. For example, an 
E6010 electrode is an all-purpose elec- 
trode but will not operate on alternat- 
ing current or give the soundness of 
deposit that is often required in the 
welded assembly. 

An E6012 electrode is an all-purpose 
electrode that will operate on both 
alternating and direct current, but will 
not produce a weld having the ductility 
or penetrating qualities of E6010. The 
low-hydrogen E6016 is another all-pur- 
pose electrode; welds made with it have 
excellent strength, ductility and impact 
resistance, and it will weld high-sulfur 
steel. However, its cost is relatively 
high, it is susceptible to moisture pickup 
with resulting high porosity and, in the 
vertical and overhead positions, is gen- 
erally used in smaller diameters than 
the E6010 or £6013 

Many electrode classification charts 
have been published showing the basic 
characteristics or differences in elec- 
trodes, such as type of current to be 
used, positions in which to be used, type 
of coating, tensile strength and relative 
ductility (the latter often derived from 
tests that are in no way related to the 
eventual use of the electrode). Because 
such charts are often misleading — 
since they do not list any of the many 
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Selection of Electrodes for Manual Arc Welding 
of Low-Carbon Steel 


By the ASM Committee on Selection of Welding Electrodes 
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Maximum Welding Speed ..164 
Welding Position ........... 165 
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Laboratory and Field Tests .167 
Welding Coated Steel ...... 168 
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variables encountered in production 
that determine the acceptability of an 
electrode most fabricators conduct 
their own tests to decide which elec- 
trode is best suited for a particular 
application. 


Selection Factors 


Must of the important variables that 
influence electrode selection are listed 
with a relative rating in Table II. Since 
ten classifications of electrodes are list- 
ed, the highest rating has been taken as 
10 and the lowest as 1. Six of the ten 
electrodes are not recommended for 
certain specific factors. 

Table II can be used in many ways. 
Often only a few variables, or perhaps 
only one, determine the selection. For 
example, if high-sulfur steel is to be 
welded, factor 8 indicates that either 
the E6016 or E60xx electrode should be 
used. If the selection is to be made on 
the basis of overcoming a poor fit-up, 
factor 16 in the table indicates that 
E£6012X and E6012 are best for such a 
condition. The X in E6012X designates 
a variation of the E6012 electrode. 
E6012X electrodes are made primarily 
for use in high-speed welding of thin 
sheet involving poorly fitted joints and 
the requirement of shallow penetration 
of the weld metal. 

More frequently the problem is to 
make a selection from several electrodes 
that are listed in Table II as being sat- 
isfactory. The problem can be lessened 
by determining which of the variables 
are of greatest consequence to the selec- 
tion; then, by comparing these with the 


Supplements the article on page 
371 of the 1948 ASM Metals 
Handbook 


recommendations given in Table II, the 
selection can be narrowed considerably. 

For example, in a specific selection 
problem the factors of primary impor- 
tance might be as follows: butt welding 
to be done in all positions; equipment 
available for the job employs alternat- 
ing current; steel to be welded is heavy 
plate; a high rate of weld deposition is 
required; welded joints will be inspected 
radiographically for soundness; and the 
weld metal must have the highest pos- 
sible ductility and resistance to impact 
at low temperatures. Comparing these 
requirements with the variable factors 
in Table II, it is found that these cor- 
respond to the items numbered 2, 5, 
7, 9, 12, 13 and 14. 

Referring to the table and factor 2, 
it is found that electrodes E6020, E6024 
and E6027 are not recommended for all- 
position welding and thus are elimi- 
nated. Factor 5 states that E6010 is not 
recommended for use with alternating- 
current welding equipment; according 
to factor 7, E6012X is not recommended 
for welding of heavy plate. Thus, the 
selection possibilities have been reduced 
from ten electrodes to five. 

The choice now can be narrowed still 
further by adding up the assigned val- 
ues of the pertinent factors for each of 
the remaining five electrodes and se- 
lecting the electrode having the highest 
value. The values for the E6011 elec- 
trode for factors 2, 5, 7, 9 12, 13 and 14 
total to 43 points, E6012 to a total of 
29, E6013 to 38, E6016 to 52 and E60xx 
to 51. The low-hydrogen E6016 and 
E60xx electrodes have the highest value 
and would be selected, unless the weld- 
ers are not trained to use the more cost- 
ly electrodes or other factors beyond 
the scope of the tables make the selec- 
tion undesirable. Then the choice would 
be between E6011 and E6013, again on 
the basis of greatest importance to the 
particular job or of other factors that 
did not originally come into considera- 
tion. For example, if low-temperature 
impact strength, factor 14, is of great- 
est importance, E6011 would be selected. 
However, if deposition rate, factor 10, is 
of greatest importance, E6013 would be 
selected. 

Weld and Position. The first four fac- 
tors in Table II refer to the configura- 
tion and position of the weld. These 
factors are most important in deter- 
mining over-all cost of the welding op- 
eration and in the preliminary selection 
of the electrode. 

The flat position is best because it al- 
lows the highest rate of welding. For 
joints that require weld metal to be de- 
posited in fillets or grooves, the elec- 
trodes of high deposition rate, E6024, 
E6027, £6020 and E60xx, are best in that 
order. High deposition rates with radio- 
graphic quality are obtainable in heavy 
plate. The flat or concave bead, which 
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washes up the side of the groove or 
fillet, insures clean multiple-pass welds. 

When root sealer beads are necessary 
in butt welds, E6011 with alternating 
current or E6010 with direct current can 
be used. They are capable of producing 
welds of radiographic quality and have 
a thin, easily removable slag as well as 
a rapid rate of solidification. 

The all-purpose E6012 and E6013 are 
used for all-position welding. Although 
they are not ideally suited for flat work, 
they have good operating character- 
istics. In multiple-pass fillet or groove 
welds, the convex bead of the E6012 
electrode leaves corners that are diffi- 
cult to clean and remelt. It is not suit- 
able for radiographic quality, but is 
suitable for poor fit-ups since it has a 
viscous puddle that readily bridges gaps. 
The E6013 electrode has a flat bead and 
an easily removable slag, so it can be 
used to better advantage in multiple- 
pass work than E6012. The advantage 
of E6013 is its easy operating character- 
istics in all positions, but in the flat 
down position deposition rate and pene- 
tration are inferior to E6020. 

The recently introduced iron powder 
electrodes E6024 and E6027 are used for 
flat welds and the iron powder E60xx 
for flat and all-position welding. These 
three electrodes are easy to operate, 
have very high deposition rates, virtu- 
ally no spatter, and with most brands 
of E6024 the arc can be struck on the 
coating. However, they cost more than 
the other commercial electrodes. Their 
application is not well established yet, 
although the weld deposit from E6024 
is stronger than that from conventional 
counterpart electrodes. 


Table IL. Electrodes Commonly Used for Welding Low-Carbon Steet 


AWS-ASTM 


Welding Electrodes 


D. C. Smirn, Chairman 


Chief Metallurgist 
Electrode Div. 
Harnischfeger Corp. 
Perry C. ARNOLD 
Welding Engineer 


Chicago Bridge & Iron Co. 

Jay BLAnp 

Engineering Research Dept. 
Standard Oil Co 


(Ind.) 


C. H. Bureston 


Materials Engineering Dept. 


Welding Engineer 


Assistant to Vice President 
in Charge of Manufacturing 


Deere & Co 
A. CLEMENS, Jr. 


Director 
Research and Welding Engineering 


Arcrods Corp. 
Cuauncy Hart 


The Heil Co. 
JOHN MIKULAK 


Worthington Corp. 


A. G. PHILLIPS 
Metallurgist 


Caterpillar Tractor Co. 


Joun F. RANDALL 


Welding Development Section 
Stamping Process Dept 


Ford Motor Co. 
N. E. WHEELER 
Engineer, Truck and Coach Div 
General Motors Corp 

R. A. WILson 
Director of Application Engineering 
Lincoln Electric Co 


Electrode Welding 

Class Coating Current(*) Positions‘” 

E 6010...... High-cellulose, sodium DCR F, V.OH.H 

E 6011 High-cellulose, potassium DCR, AC F, V.OH.H 

High-titania, sodium pcs, AC F, V,.OH,H 

E 6012X High-titania, sodium special pcs, AC 

E 6013...... High-titania, potassium AC F, V,OH,H 

E 6016...... Low-hydrogen, potassium DCR, AC F, V.,OH.H 

E 60xx'* Low-hydrogen, iron powder DCR, AC 

E 6020...... High-iron oxide DCR, DCS, AC Fu 

E 6024...... Iron powder, titania DCR, DCS, AC FH 

E 6027 Iron powder, iron oxide DCR, DCS, AC F.H 


(a) DCR—direct current reverse, 
electrode negative; AC—alternating 


electrode positive; 
current 


(b) F—flat; 


DCS—direct current straight, 
overhead; 


vertical; 
H—horizontal. (c) Not available. (4d) AWS-ASTM class number not yet assigned 


Electrode Volume 
Used, % 


Cost 


100 
108 


OH 


ASM Committee on Selection of 


Types of Joint. The square-groove 
butt shown in Pig. 1 is a simple eco- 
nomical joint usable on plates up to a 
maximum of % in. thick when welded 
from both sides. Thinner sections can 
be welded from one side by using a 
backup strip. This type of joint requires 
a “digging” arc to get good penetration 
but a high burn-off rate is not necessary 
because little filler metal is required. 
E6011 (ac) or E6010 (de, reverse polari- 
ty) is most satisfactory for this appli- 
cation. The cutting action of the arc 
and the light slag often eliminate the 
necessity for back-chipping before 
welding the second pass. Where poor 
fit-2p is encountered, a filler bead can 
be deposited from the same electrodes. 
Butt welds on joints with root openings 
up to 3/16 in. can be made with elec- 
trodes of lower penetration rating. If 
100% fusion and penetration are re- 
quired, the root opening should be used 
and the second side welded should be 
back-chipped to the metal that is free 
from defects. 

V-groove joints, shown in Pig. 2, are 
used when the plate is too thick for 
square-groove joints. They are also 
used for steel of composition outside the 
range for best welding, since it is not 
necessary to melt as much base metal 
into the bead. For best economy, an 
electrode having the highest rate of 
deposition should be used 

Where single V-joints can be welded 
from one side only, a root sealer bead 
must be laid to fill in the gap. 86010 or 
E6011 may be used for easy removal of 
slag or an E6016 electrode for welds of 
better quality. The fluid puddle from 
the E6020 electrode will drop through if 
a sealer bead is not used. However, when 
a backup strip is used with a V-joint, 
no sealer bead is necessary. For best 
economy all passes can be made with 
electrodes of high deposition rate. Gen- 
eral-purpose electrodes E6012 and £6013 
also are used for groove butt welds, but 
E6013 is generally preferred. It pro- 
duces a flatter bead, a sounder deposit 
and its slag is more easily removed. 

The double V-groove, shown in Pig. 
3, is used because of heavy plate thick- 
ness or to minimize distortion. A sealer 
bead, which is needed to close the cen- 
ter gap, requires an electrode that pro- 
duces a quickly solidifying bead with 
thin slag, easily removable; E6010, 
£6011 and E6016 are best for this pur- 
pose. For maximum economy, a high 


Table I. Relative Ratings of Factors Affecting Preliminary Selection of Electrodes'*’ 


Electrode Class 


Variable Factors E6012 E6013 86020 E6024 6027 

1 Groove butt welds, flat ( SD MDicesd socsovescoscee 4 5 3 2 8 7 " 10 it) 10 
2 Groove butt welds, all positions (>'% in.)......... 10 5 4 7 6 (b) (ib) 
3 Fillet welds, flat or horizontal...............cssee006 2 4 a) 7 7 5 7 10 10 7 
4 cc 10 6 4 7 4 6 (b) (b) (b) 
5 a ae AC AC AC AC AC AC AC AC AC 

DCR DCR DCS pcs DC DCR pc pc De pc 
6 Thin material (<', in.) 5 7 10 9 2 ib) 7 ib) 
7 Heavy plate or highly restrained joint 4 K 6 (b) 8 10 ” 4 7 4 
8 High-sulfur or off-analysis steel..... ib) (b) 5 4 3 10 2) (b) 5 (b) 
9 Deposition rate 5 5 7 7 7 5 8 ” 10 10 
10 Depth of penetration edepaovecs 10 " 6 5 5 7 7 6 4 8 
ll Appearance, undercutting ...... 6 6 8 7 " 7 10 ” 10 10 
12 evades 6 6 a a 5 10 4 4 9 
13 Ductility . 6 7 4 3 5 10 10 10 5 10 
Low-temperature impact strength.. & 4 5 10 10 
15 Low spatter loss ‘ seaeeel 1 2 iy 6 7 6 4 4 10 10 
16 Poor fit-up 6 7 10 10 4 4 4 (b) 4 ib) 


(a) Rating (for same size electrodes) is on a comparative basis for electrodes listed in this table 
(b) Not recommended. 


change with change in size 


electrode negative; AC—alternating current; DC—direct current, either polarity 


(c) DCR—direct current reverse, electrode positive; DCS 


10 is highest value. Ratings may 
direct current straight, 
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66 
100 304 
100 (ec) 
104 18.7 
129 53 
182 (ce) 
100 646 
1s (ce) 
147 (ec) 


deposition rate is needed to fill the 
groove. Quality might require a slower 
deposition rate. 

Other types of joints used for heavy 
plate include the J, U, and double-U 
joints shown in Pig. 4. The double-V 
joint can be prepared by all cutting 
processes, whereas the J and U normal- 
ly must be machined. The double-V is 
preferred to avoid machining costs. 

A flat fillet weld is shown in Pig. 5. 
A flat bead and easy slag removal are 
desirable for multiple-pass welds. Elec- 
trodes of high deposition rate (£6020 
and £6027) produce welds of best qual- 
ity. When fit-up is poor, electrodes of 
high deposition rate should not be used 
because of the fluidity of the molten 
pool. E6012 is best where irregularities 
are to be bridged, and it is also used for 
short, intermittent, single-pass welds 

The E6013 electrode produces fillet 
welds of good quality, even though its 
deposition rate is lower than that of 
some other electrodes. It is easy to oper- 
ate and is usually readily available. 

The flat-position, open-joint corner 
weld, shown in Fig. 6, requires an elec- 
trode with a viscous puddle that will 
not drop through and a viscous slag 
that will not run over. E6012, E6013 or 
£6024 electrodes should be used to ob- 
tain best results. 

A lap weld and a horizontal fillet weld 
are shown in Fig. 7. Whenever these can 
be made in the flat position the E6020, 
E6024, £6027 or E60xx electrodes nor- 
mally are used. If these welds must be 
made in the horizontal position, the 
£6012, E6020, E6024 or E60xx electrodes 
are used. For other out-of-position 
welds, either the E6010, E6011, E6012, 
£6013 or E6016 electrodes are used, as 
indicated in Table IT. 

Current. Factor 5 deals with the 
characteristics of the current to be 
used. If deep penetration is desired, 
direct current with the electrode posi- 
tive is the best choice. If high deposit 
rates and low penetration are desired, 
direct current with the electrode nega- 
tive is the best choice. If a good depo- 
sition rate and freedom from arc blow 
are desired, alternating current should 
be used. Alternating current does not 
provide the same stability of arc as 
direct current but is quite satisfactory 
for most jobs. 

Thickness. Factors 6 and 7 could be 
divided on the basis of limitations of 
thickness. As used in the table, factor 
6 pertains to carbon steel less than 4 
in, thick; factor 7, to metal of all 
greater thicknesses. The E6010, E6012 
and E6013 electrodes constitute about 
80% of the electrodes used. For thick- 
nesses greater than \ in., E6012 and 
£6013 electrodes are used because of 


their good deposition rates and the gen- 
eral soundness of the deposits. For 
steel plate 1% in. thick or more, low- 
hydrogen electrodes generally are se- 
lected because of their superior resist- 
ance to cracking and excellent ductility 
and impact strength. 

High-Sulfur Steel. Factor 8 is of 
great importance whenever the sulfur 
content of the steel is on the high side. 
Low-hydrogen electrodes are the best 
choice for welding such steel. The coat- 
ings on these electrodes produce a slag 
that combines with the sulfur to form a 
basic sulfide rather than allowing the 
sulfur to combine with the steel and 
form iron sulfides, which may cause 
high porosity or cracking. The low- 
hydrogen electrodes are also the first 
choice for welding off-analysis steels or 
those with carbon on the high side. 
Because of the absence of hydrogen, the 
higher-carbon steels can be welded with 
fewer cracking problems 

Deposition Rate is a very important 
factor, since it governs the cost of labor 
required to produce a given weld. Fac- 
tor 9 could be divided into deposition 
rates for various current sources, dif- 
ferent positions and atmospheric condi- 
tions. In Table II the values of depo- 
sition rates are on an average basis, 
with the flat-position electrodes E6020, 
E6024 and £6027 showing a superiority. 

The deposition rate and efficiency are 
determined by measuring the weight of 
weld metal deposited from a given 
weight of electrode in a selected unit of 
time. This necessarily takes into ac- 
count the stub-end loss, the spatter loss 
and the coating loss. Maximum deposi- 
tion rate can be secured with each elec- 
trode at some specific current value 
above which the rate will fall because 
of additional stub-end loss, spatter loss 
and loss due to vaporization of the 
metal. In the vertical, horizontal and 
overhead positions, a limiting current 
is reached beyond which the weld metal 
will no longer stay in place satisfac- 
torily during deposition. 

Penetration. Factor 10 in Table II 
lists the relative values of penetration 
for each electrode. The E6010 and E6011 
electrodes, with values of 10 and 9 re- 
spectively, provide the most penetra- 
tion. E6020 and E6027 are the next best. 
By deep penetration is meant the abili- 
ty of the weld metal to penetrate deeply 
into the parent metal with subsequent 
high dilution. An example of its value 
is in making deeply penetrated fillet 
welds so an adequate throat depth can 
be secured without depositing an exces- 
sive amount of metal. 

Another example is the use of such an 
electrode in a single-V butt joint, such 
as a circumferential pipe joint, in which 
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the first pass digs deep into the root 
and virtually deposits a pass of weld 
metal on the back side. 

Appearance. The appearance of a 
weld consists of many factors such as 
smoothness of surface, weld conteur, 
freedom from undercut, merging with 
the surface and well-merged starting 
and stopping points. A _ sufficiently 
smooth bead can be deposited from the 
flat position with E6012, E6013, E6020 
and iron powder electrodes to make 
grinding unnecessary before radiog- 
raphy. The appearance of welds, par- 
ticularly those made in the vertical, 
horizontal or overhead welding position, 
is very important; so is contour. 

Soundness of a weld, as evaluated by 
factor 12 in Table II, is the average of 
subfactors such as porosity, cracks, slag, 
inclusions, microfissures and other de- 
fects. Lack of soundness promotes poor 
ductility, low impact strength, low ten- 
sile strength and costly repairs. Not all 
defects in a weld can be detected by 
radiography. Small first-pass cracks, 
microfissures and some types of non- 
fusion must be found by mechanical 
testing or by metallographic examina- 
tion. Preheat treatments improve the 
soundness of welds by eliminating 
cracks and microfissures. 

Ductility, listed as factor 13 in Table 
II, is a measure of the ability of a weld- 
ment to deform without failing and is 
particularly important in weldments 
containing high angular and lateral re- 
straint. Since the contraction accom- 
panying the cooling of a weld is opposed 
by the surrounding metal (see page 89 
of the article “Residual Stresses” in 
this Supplement), the weld metal must 
flow plastically under conditions of 
severe restraint in order to satisfy the 
shrinkage requirement. 

A weld that is 1 in. wide or long will 
shrink in both directions 0.0000065 in. 
per in. per deg Fahr. For a tempera- 
ture change of 2000 deg, the weld will 
shrink 2000 x 0.0000065 in., or 0.013 in. 
If completely restrained, the weld must 
flow plastically this amount — or crack 
Preheat treatments reduce the amount 
of this restraint by decreasing the tem- 
perature range through which the weld 
must cool. Postheat treatment is also 
beneficial in tempering brittle phases 
that may have been produced, particu- 
larly for heavy sections. Such treat- 
ments are also often dictated by code 
requirements and experience gained in 
fabrication. 

Low-Temperature Impact Strength 
of a weld, factor 14, is unimportant 
unless the weldment is to be used at 
subzero temperature. Structures being 
built today under existing code rules 
can withstand service conditions of 
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—650 F, although special steels and elec- 
trodes are required. Plain carbon steels 
do not perform satisfactorily below 
—650F; the weld metal often has 
mechanical properties superior to those 
of the base metal. Typical values for 
low-temperature impact strength of 
weld metal are included in Table III. 

Spatter Loss, factor 15 in Table II, 
might easily have been included in fac- 
tor 9 for deposition rate. However, on 
certain applications spatter presents a 
specific problem in cleaning, painting 
or enameling. An antispatter compound 
can be used to minimize this difficulty, 
but it is preferable to select electrodes 
that have low spatter 

Poor Fit-Up, factor 16, has been a 
problem to everyone using welding. 
Fast-setting electrodes help correct this 
difficulty and improve the efficiency of 
deposition. The ideal solution, of course, 
is to avoid poor fit-up. Since this can- 
not always be done, the next best solu- 
tion is to use an electrode that will do 
the most satisfactory job under such 
conditions. Because the resulting weld 
may not be of greatest ductility and 
soundness, the importance of this factor 
must be evaluated 

Welder Appeal, factor 17, often works 
against the quality of a weld. As an 
example, the E6016 electrode requires a 
more exacting technique and may ap- 
peal less to the welder. However, the 
resulting weld may have properties that 
outweigh the welder’s dislike for the 
electrode. Certain characteristics of an 
arc have welder appeal, such as smooth- 
ness, quietness, and freedom from slag 
in the puddle. A very stable arc, easy to 
strike and hold is another. An electrode 
that requires a minimum of manipula- 
tion also makes the welder’s work easier. 

Slag Removal, factor 18, is important 
in both cost and quality of the weld- 
ment. If slag is too difficult to remove, 
it may be entrapped in the weld as a 
result of imperfect cleaning. The cost 
of cleaning is proportional to the time 
required to remove slag, and an easily 
removed slag generally leaves a weld of 
better appearance. 


After a type of electrode has been se- 
lected it is advisable to make tests to 
verify that the factors used for the se- 
lection actually represent the problem. 


Size of Electrode 


Although no exact rules can be stated, 
the following may be useful as a guide 
in selecting the proper size of electrode: 


1 For pipe welds ior single-welded 
joints) requiring good fusion at the 
root, 1/8 or 5/32-in. diam electrode is 
recommended for the first pass. The 
remainder of the joint may be made 
with 5/32 or 3/16-in. diam electrode 
for all positions and 3/16-in. diam or 
larger if the electrode is used in flat 
positions only 

For flat welding of double-beveled or 
single-beveled joints that have a back- 
up strip or can be back-chipped, a 
3/16-in. electrode may be used for the 
first pass and 7/32-in. or larger for the 
remainder 

For fillet welds in 
either 3/16, 7/32 or 1/4-in. electrodes 
are satisfactory. Larger electrodes may 
be used if the work is thick enough to 
take care of the additional heat 

For out-of-position work, both butts 
and fillets, a 3/16-in, electrode is the 
maximum size warranted. Often the 
first pass is deposited with a 5/32-in. 
electrode. The sizes of low-hydrogen 
electrodes for vertical and overhead 


tS 


the flat position, 


welding generally are 1/8 and 5/32 in., 

and for flat and horizontal positions 
the sizes are 3/16 in. and larger 

5 For welding of sheet steel and light- 
gage work, see discussion under Weld- 

ing Thin Sections, page 162 


Effect of Steel Composition 


To obtain the highest welding speeds, 
high currents and burn-off rates are 
required. The high burn-off rates may 
result in extensive alloying of the plate 
or base metal with the weld metal. If a 
considerable amount of the plate metal 
becomes a part of the weld, the chemi- 
cal composition of the plate becomes an 
important consideration 

The limits of composition of carbon 
steel given in Table IV are those con- 
ducive to maximum speed of welding. 
The specification limit for sulfur in 
these low-carbon steels is ordinarily 
0.05% but sulfur contents below 0.045% 
are usual. When steels outside the limits 
of the preferred composition range are 
used, having more than one element 
toward the high limit, corrective meas- 
ures may be necessary in the welding 
procedure 

The preferred composition range has 
been chosen so that virtually no restric- 
tion need be made as to the type of 
joint, type of electrode, welding current 
or speed of welding. That is, such steel 
allows the user to take full advantage of 
large electrodes, high currents, high 
speeds, and techniques for obtaining 
deep penetration. Usually steels within 
this range are available without pre- 
mium price and can be fabricated easily 
by the usual forming, shearing, ma- 
chining and other mechanical processes. 

If welding costs far outweigh machin- 
ing costs on a particular job, it may be 
wise to change from a free-machining 
steel to a more easily weldable steel at 
some sacrifice in machinability. Or, 
service may require a steel of higher 
yield strength or greater resistance to 
corrosion, without regard to its poor 
weldability and increased welding costs. 

Steels suspected of poor welding qual- 
ity should be test-welded to determine 
whether cracking or porosity is likely. If 
the steel welds readily in such tests, 
standard welding procedures can be 
used, usually at less than maximum 


Table 


speed. If cracking occurs, one or more 
of the following precautions should im- 
prove the soundness of welds: 


1 Produce flat or slightly convex beads; 
a concave bead is more likely to crack 
than flat or convex beads. That is, 
avoid the types of electrodes. such as 
£6020, that usually produce the con- 
cave type of bead 


2 Melt as little as possible of the off- 
analysis parent metal into the weld 
deposit (a) Use electrodes of low 


penetration, preferably E6012 or E6024 
which make a convex bead. If E6010 
or E6011 electrodes must be used be- 
cause of out-of-position work, a low- 
penetration technique plus some pre- 
heating will usually be necessary. (bh) 
Decrease current or increase arc length 
slightly to reduce penetration, Use V- 
joints if necessary, to obtain the re- 
quired weld section 

Put in as large a weld as feasible in 
the first pass, especially on thick 
plates, by using slower speed of travel 
This increases the weld section to give 
better resistance to the stresses result- 
ing from contraction, which might 
crack a weld of smaller section. Slow 
speed also increases the heat input 
for a given length of weld, thereby 
decreasing the rate of cooling and the 
hardening of the weld zone. The sec- 
ond pass should be applied while the 
plate is still warm from the first pass 
Leave a gap between plates to allow 
for free movement while the weld con- 
tracts during cooling 

Weld toward the unrestrained end of 
a joint. Make tacks that do not re- 
strain the joint excessively 

If B6O012 or E6024 electrodes do not 
eliminate the weld cracking, or if the 
cracks are in the parent metal adjacent 
to the weld, £6016 or E60xx low-hydro- 
gen electrodes should be tried. These 
prevent underbead cracking caused by 
hydrogen embrittiement. They also will 
usually eliminate cracking in the weld 
deposit because of their low-penetrat- 
ing arc, good bead shape, and the high 
quality of the weld metal obtained 
If cracking occurs even with the E6016 
or E60xx electrodes, preheating may 
be required, to retard the cooling and 
prevent excessive hardening in the 
weld and the metal adjacent to it 
(For welds made with conventional! 
mild steel electrodes, the preheating 
temperature usually is between 250 and 
600 F. If low-hydrogen electrodes are 
used, a temperature of 300 F or less 
is sufficient.) If cracks appear in the 
crater only, the backstepping method 
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Typical Mechanical Properties of Deposited Weld Metal 


Charpy V-Notch 


Elongation Impact, ft-lb 
Electrode Tensile Yield in 2-In., Room Low 
Class Strength, psi Strength, psi Temp Temp 

E6010 ....... 65,000 53,000 24 70 40F) 
E 6011 65,000 53,000 25 70 18 F) 
E 6012 72,000 64,000 19 18 oF) 
E 6012X 72,000 64 000 19 50 18 oF) 
E 6013 72,000 64000 19 60 15 F) 
E 6016 72,000 62,000 28 95 40(-40F) 
E 60xx 77,000 65.000 5 40 (~40F) 
E 6020 64.000 53,000 28 70 18 F) 
E 6024 85,000 72,000 19 20 F) 
E 6027 69,000 59,000 28 70 20 (40 F) 


ASTM A233-55T procedure 


Table IV. Limits of Carbon Steel Composition for Best Welding Conditions 


Element 


Carbon 

Manganese 

Silicon 

Sulfur 

Phosphorus 

Residual elements (Cr, Ni, Mo, Cu) 


~Com position 


Low Preferred High 
0.10 0.13 to 0.20 040 
020 0.40 to 080 0.90 


60.10 to 0.15 
0.035( max) 
O04 (max) 
0.10 (max) 


030( max) 
0.05( max) 
0 04( max) 
0 25(max) 
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should be used so that the weld is 
finished on top of the bead previously 
deposited. The crater will then pene- 
trate into weld metal instead of plate 
metal, and the concentration of un- 
desirable elements may be low enough 
to prevent cracking. 

8 If preheating is not practicable, it 
may be advisable to use a nonharden- 
able austenitic electrode such as 25 Cr - 
12 Ni; 25 Cr-20 Ni; or 18 Cr-8 Ni- 
Mn, modified. Coatings on these are of 
the low-hydrogen type, and the elec- 
trodes produce ductile, tough weld de- 
posits that do not harden with sudden 
cooling. 


Surface holes caused by too high a 
content of sulfur, silicon or carbon 
usually can be eliminated by employing 
one of the following expedients: in- 
creasing the arc length, using a less 
penetrating electrode, decreasing the 
current, or using low-hydrogen elec- 
trodes. 

Some factors responsible for internal 
porosity are high sulfur, too low or too 
high combined carbon and manganese 
content of the parent metal, and high 
moisture in the coatings of some types 
of electrodes or welding joints or both. 
The use of low-hydrogen electrodes 
such as E6016 or E60xx according to 
recommended procedure may be the 
corrective measure. 


Welding Thin Sections 


Thin sections of the base metal are 
defined arbitrarily as those less than 4 
in. thick. Electrodes generally used are 
£6011, E6012X and £6013. £6011 may be 
used where good penetration is neces- 
sary, but should not be used on sheet 
less than about 0.060 in. thick. E6013 
may be used for welding sheet as thin 
as about 0.050 in. and will give a 
smoother weld bead than will the elec- 
trode E6011. 

With the thinner sheets several fac- 
tors besides electrode composition in- 
fluence quality of the weldment. For a 
given welding current, less trouble from 
burning holes and excessive penetration 
will be experienced with a larger elec- 
trode. Under the same conditions of 
current and speed of travel, a typical 
%-in. electrode caused 17 holes to be 
burned through 0.036-in. sheet in a 
weld length of approximately 60 in 
The same brand in 5/32-in. size, at 
the same current and travel speed, did 
not burn holes through the sheet. 

“Drag technique” should be used 
whenever possible to minimize the need 
for operator's skill and to increase 
welding speeds iis technique is not 
confined to the eléctrodes having high 
contents of metal powder in the coat- 
ing. At high current, with drag tech- 
nique, there has been no observable 
difference in the performance of the 
electrodes whether used with alter- 
nating or direct current. Both work 
satisfactorily. 

Figure 8 shows some typical joints on 
thin metals welded in various positions 
at average speeds. In general, the rec- 
ommended fit-up for such joints is a 
gap of 1/16 in. or less for thicknesses 
greater than about 0.100 in. if deep 
penetration is required, and no gaps for 
thinner material or where shallow 
penetration is desired. 

For the welding of a thin sheet to a 
thick section, electrode selection and 
other variables are determined on the 
basis of the thickness of the thin sheet. 
For example, if 0.062-in. sheet is to be 
welded to 0.50-in. plate, an E6013 would 
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be satisfactory. The best fit-up for a 
fillet weld would have no gap. The aver- 
age speed for flat welding would be 
14 in. per min; for vertical down, 18 in. 
per min; and for welding in the over- 
head position, 12 in. per min. 


Appearance 


Poor appearance of welds is usually 
caused by incorrect procedure for a 
given parent metal or incorrect choice 
of electrode. The most common defects 
are weld spatter, undercuts, cracks and 
porosity. 

Weld Spatter is an appearance defect 
generally of no consequence to the 
structural function of the weld. Exces- 
sive spatter is unnecessary, however, 
and its appearance on a weldment is 
not pleasing. It may be caused by one 
or more of the following factors: un- 
necessarily high welding current, wrong 
electrode, wrong polarity, too long an 
arc length, or welding too close to the 
ground terminal with d-c electrodes 
(are blow). 

Undercut, unless it is extreme, is also 
more of an appearance defect than a 
structural detriment. It is usually con- 
sidered undesirable and to be avoided 
if possible. It may be caused by too high 
a welding current, excessive speed, im- 
proper electrode manipulation, or at- 
tempting to use an electrode in a posi- 
tion for which it was not designed. A 
uniform weave of the electrode helps to 
prevent undercutting during welding of 
V-butt joints. 

Excessive weaving motion of the 
electrode will cause undercutting and 
should be avoided. On welds in vertical 
plate with a horizontal fillet, under- 
cutting may be caused by the electrode 
being too far from the plate. 

Cracking should not be a problem in 
the welding of low-carbon steels, espe- 
cially when the steel is less than ‘+ in. 
thick. Any cracks are considered a weld 
failure, or at least the beginning of a 
condition that may lead to weld failure. 
The most common cracks in and near a 
weld joint are crater cracks, underbead 
cracks and longitudinal cracks. There 
also may be hairline cracks across the 
weld and microcracks in the weld metal. 
While these various cracks appear in 
different parts of the weld and result 
from different causes, in general, they 
can all be eliminated in the steels con- 
sidered in this article. 


Square Groove Weld 
Vertical, 25ipm 
Horizontal, 25ipm 
Overhead, 22 ipm 


Edge Weld 

Fiat, 45 ipm 
Vertical down, 55 ipm 
Overhead, 36 ipm 


Flat, 20 ipm 
Vertical, 23 ipm 
Overhead, /4 ipm 


Cracking may be caused by one or 
more of the following irregularities: 


1 Inadequate weldability of the base 
steel because of composition outside 
specification limits 

2 Improper preparation of the joints 

3 Wrong welding procedure 

4 Excessive rigidity of the joint 

5 Welds too small for the size of the 
parts being joined in the structure 


Often cracks can be avoided if the 
open ends of the weldment are allowed 
to move and rigid joints are avoided. A 
gap of 1/32 in. should be allowed for 
thick plates. Crater cracks may be 
eliminated by carefully filling the weld 
crater at the end of each weld. 

Porosity in welds is undesirable even 
though it may not decrease strength. 
Surface holes in the weld bead have an 
undesirable appearance and can result 
in cracks and other defective weld con- 
ditions. One of the major causes of 
porosity is off-analysis steel. Dirt, rust 
and paint in a joint may also cause 
porosity. At the start of a weld made 
with low-hydrogen electrodes, porosity 
may be the result of too much moisture 
in the electrode coating or weld area, 
the use of a welding current too low or 
an arc too long. Porosity at the finish 
end of a weld may be caused by a 
breakdown of the electrode coating as a 
result of the current being too high. 

Welding procedure has a strong effect 
on the soundness of welds. Excessive 
currents should be avoided. Each layer 
of weld metal must be completely free 
from slag and flux before another layer 
is deposited. Puddling will allow the 
entrapped gases to escape. Low-hydro- 
gen electrodes must be stored in a dry 
place to prevent the coating from pick- 
ing up excessive moisture from the 
atmosphere. Reducing current to the 
correct value will help to prevent ex- 
cessive breakdown of the electrode coat- 
ing. One of the purposes of the coating 
is to produce a protective atmosphere 
around the arc; the coating cannot do 
so if it deteriorates. 


Electrode Coatings 


The chemical composition of the cov- 
ering of each class of welding electrode 
largely determines the performance of 
the electrode and the quality of the 
weld metal deposit. Table V lists the 
basic materials in electrode coverings 
that are designed to meet the AWS- 


Fillet Weld 
Flat, 14 ipm 
Vertical, /8 ipm 
Overhead, /2 ipm 
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Corner Welds 
Flat, 30 ipm 
Vertical, 35 ipm 
Overhead, 25 ipm 


Fig. 8. Average Welding Speed for Various Types of Thin Metal Joints 
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ASTM requirements for each type of 
electrode represented. Other constitu- 
ents are added with these to meet com- 
mercial requirements 

Between 30 and 40% of the covering 
of E6010 is cellulose. During welding, 
the cellulose is converted to CO, CO,, H, 
and other gases that form a protective 
shield for the arc. The decomposition 
of the cellulose leaves a low volume of 
slag that is usually easy to remove. The 
large amount of water vapor evolved 
from the deconrposed cellulose gives 
this electrode a concentrated, deeply 
penetrating arc, which makes the elec- 
trode suitable for welding on galvanized 
plate and on dirty, heavily scaled plate. 

The combination of materials in the 
coating causes the weld deposit to 
freeze rapidly during welding, which 
makes these electrodes excellent for 
out-of-position work. Also, the covering 
materials, when properly proportioned, 
sometimes give deposits with good me- 
chanical and radiographic properties. 
Sodium silicate used in combination 
with the other materials in the E6010 
covering makes the electrode usable 
only for direct-current, reverse-polarity 
welding. 

The E6011 electrodes are E6010's with 
alternating-current welding character- 
istics incorporated in their design. The 
potassium in the potassium silicate has 
a low ionization potential to help main- 
tain an arc through the points of 
almost zero energy in the alternating- 
current cycle. Except for this difference, 
the behavior of the coatings is similar 
to E6010. 

The E6012 electrodes are suitable for 
all welding positions with both alter- 
nating current and direct current, 
straight polarity. Table V lists a group 
of materials that could be used to make 
a satisfactory E6012 electrode. The fact 
that the coating has either no cellulose 
or a very small amount, and a rather 
large amount of refractory materials 
such as rutile and mineral silicates, ac- 
counts for the general ability of this 
type of electrode to operate at high 
current. Through the use of higher cur- 
rents, welding speeds can be increased 
and consequently higher production 
rates often can be realized. The com- 
bination of materials in the coverings 
of E6012 electrodes is responsible for 
keeping the weld metal viscous. There- 
fore, these electrodes perform well 
where there is poor fit-up. The viscous 
weld metal will run very slowly, if at 
all, through an opening in a joint 
and will solidify before it can progress 
very far. 

The E6013 electrodes are similar to 
the E6012’s. The earlier E6012’s were not 
designed for welding with alternating 


Table V. 


Constituents 
of Coating 


Cellulose 
Rutile 
Feldspar 
Asbestos 
Mica 
Silica 
Calcium carbonate 
Ferromanganese 
Sodium silicate 
Potassium silicate 
Fluorspar 
Titanium dioxide 
Iron oxide 
Manganese oxide 
Iron powder 


current. E6013’s were introduced as 
E6012's for alternating-current use, 
especially in small diameters. Sodium 
silicate was used as a binder in the 
earlier E6012 electrodes. Better welding 
characteristics with alternating current 
were incorporated in the E6013 through 
the use of potassium silicate as a binder. 

Many E6012 electrodes have potas- 
sium compounds in their coatings and 
consequently have good welding char- 
acteristics with alternating current. In 
fact, electrodes are available that fall 
between the original E6012 and E6013 
types with regard to composition of 
coating; therefore it is difficult to clas- 
sify them definitely as either an E6012 
or E6013 type 

The E6012X electrode is a specially 
designed E6012 for high-speed applica- 
tion to light gage metal using a drag 
technique. It has a coating composition 
similar to the standard E6012, modified 
to take higher current with shallow 
penetration and greater fluidity of both 
slag and weld metal. The greater fluid- 
ity permits weld metal to fill in behind 
the arc better at high speeds 

In general, E6013 electrodes have a 
higher cellulose content than E6012 and 
so lack the ability of E6012 to withstand 
high amperage. Also E6013 has a 
“softer” and more globular type of arc 
than E6012 and consequently is more 
suitable for welding thin metal. The 
combination of higher cellulose content 
and potassium silicate binder results in 
better mechanical properties. 

There is no cellulose in the coating of 
the E6016 electrodes, and the use of 
hydrated compounds is minimized. To 
insure low moisture content, these elec- 
trodes are dried at higher temperatures 
during manufacture than are conven- 
tional electrodes. Because the coatings 
have low moisture content, the weld 
metal deposits of these electrodes are 
low in hydrogen content. Potassium sili- 
cate, calclum carbonate and titania are 
used in the E6016 coverings in rather 
large amounts. As a result, the E6016 
electrodes are suitable for welding with 
alternating current and direct current, 
reverse polarity. The excellent fluxing 
characteristics of the materials in these 
coatings, in combination with the low 
moisture content, help produce deposits 
of excellent soundness and mechanical 
properties 

Because the coverings of E6020 elec- 
trodes are very high in mineral content 
and very low in cellulose, there is little 
tendency for breakdown during weld- 
ing. This characteristic makes the elec- 
trode suitable for operation at high 
current and high speed. However, the 
combination of materials in the E6020 
coverings produces a highly fluid weld 


metal, which makes it unsuitable for 
anything but horizontal-fillet and flat- 
position welding. The weld metal has 
excellent mechanical and radiographic 
properties 

The E6024, E6027 and B60xx elec- 
trodes have the characteristics of the 
basic types after which they are pat- 
terned, except that the combination of 
the added iron powder and the relative- 
ly thick coverings permits higher weld- 
ing speeds and easier application. E6024 
is similar to E6012 plus iron powder, 
E6027 to £6020 plus iron powder, and 
E60xx to B6016 plus iron powder 


Effect of Moisture in the Coatings 


It is often mistakenly considered that 
moisture is harmful in the coverings of 
all mild steel electrodes. Precaution is 
usually taken by fabricators to store the 
electrodes in dry places and this prac- 
tice should certainly be encouraged. 
However, to redry electrodes, as is often 
done after prolonged periods of storage, 
may be quite harmful, especially to the 
£6010 and E6011 electrodes. Redrying 
may impair both quality and operation- 
al characteristics of the cellulose types. 

The electrode manufacturers nor- 
mally produce these electrodes with a 
controlled moisture content, designed to 
fall between 3.0 and 5.0% for B6010 and 
in a somewhat lower range for E6011 
Therefore, a practice of redrying that 
lowers the moisture content below the 
designed amount is not recommended. 
Usually, all other types of electrodes 
operate best when the moisture content 
is lowest. The temperature and time 
used for drying are not the same for all 
types of electrodes; they depend on the 
coating composition and thickness. 
Coatings containing organic material 
are usually dried at temperatures below 
the charring point, about 450 F, whereas 
the inorganic coatings, such as the low- 
hydrogen types, may be dried at tem- 
peratures up to 800 F 

The moisture content may be deter- 
mined on all types except the low- 
hydrogen E6016 and E60xx electrodes by 
weighing a sample of approximately one 
gram of the coating before and after re- 
drying in an electric oven at 220 F for 
1 hr. The loss in weight calculated in 
percentage is the moisture content 

Moisture content for the low-hydro- 
gen types (£6016 and E60xx) is usually 
determined at 2400 F. This process re- 
quires special apparatus and techiiique. 
The method is described in the military 
specification MIL E986 and in The 
Welding Journal! for August 1950, page 
629 

Table VI may be used as a guide for 
optimum moisture values in the various 


Typical Constituents Used in Electrode Coatings 


£6010 £6011 E6012 E6012X E6013 


x x x x 
x x x 
x x x 
x x x x 
x x x 
x x 
x x x x 
x x x 
x 


Electrode Class 


£6016 


E60xx 


x x x 

x x 

x x x 

x x x 

x 

x x x 

x x x x x 

x x x x x 

ver x x x 

x x ee 
x x 
x x 

x x 

x x 

x 


AUGUST 15, 1955; PACE 163 


- 


types of electrodes. It must not be as- 
sumed, however, that some brands or 
types of electrodes will not operate 
satisfactorily and produce satisfactory 
weld metal deposits when the moisture 
content of the coating falls outside 
these ranges. The E6010 and E6011 
types, for example, may be satisfactory 
even if the moisture content exceeds 
these values, provided the coating does 
not blister during welding and interfere 
with operation of the electrode. 

The quality of the weld metal is not 
impaired by excess moisture if the oper- 
ation of the electrode remains satisfac- 
tory. However, when most brands of 
these types are dried much below 2.0%, 
there is more spatter, greater tendency 
for porosity, and the arc control may be 
impaired, Also, the moisture content of 
E6010 electrodes may be decreased to 
values lower than the recommended 
level when the container is left open 
and exposed to a hot, dry atmosphere. 

It is desirable to keep the moisture 
content of low-hydrogen coatings below 
approximately 04%. If the moisture 
content is much above this value the 
weld metal may be porous or cracked. 
Since moisture is so critical in these 
types, electrodes should not be allowed 
to remain in open boxes or storage bins. 
A safe practice followed by many fabri- 
cators is to return all unused electrodes 
exposed for 4 hr or more, or at the end 
of a working shift, to a drying oven 
maintained at 350 to 450 F for at least 
8 hr before reissuing them. 

Moisture absorption data for a typical 
E6016 electrode for a humid condition 
(85% relative humidity at 85 F), a 
medium humid condition (67% relative 
humidity at 85 F) and a relatively dry 
condition (52% relative humidity at 
85 F) are given in Pig. 9. 

Figure 10 shows the moisture loss at 
various temperatures in a well-venti- 
lated oven for a typical E6016 electrode. 

Although moisture absorption and 
loss may vary with different brands of 
electrodes, the data given in these 
graphs are representative of the com- 
mercial electrodes available today 
(August 1955) 

The procedure and conditions re- 
quired to restore E6016 electrodes of a 
typical commercial brand to their orig- 
inal usability after they have absorbed 
a harmful amount of moisture (the 
amount necessary to cause porosity or 
cracking in the weld metal) are as 
follows: 

Dry in a well-ventilated oven by 
bringing the temperature up slowly to 
between 500 and 700 F for approximate- 
ly 1 hr. Prolonged drying periods (weeks 
or months) at either lower or higher 
temperatures may cause the coating of 
some brands to become brittle and 
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Fig. 9. Moisture Absorption by a 
Typical E6016 Electrode 
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Table VI. Recommended Moisture Content of Coatings and Redrying Procedure 


Recommended -———Drying Procedure———. 

Electrode Moisture Temperature, Time, 
Class Content, % deg Fahr hr 

30 to 50 250 05 to 10 
.. £60460 2.0 to 40 250 05 to 10 
AD 350 10 to 2.0 
10 350 1.0 to 2.0 
E6013 10 350 1.0 to 2.0 
see ce 04 500 to 700 10 to 30 
E60x x 04 500 to 700 1.0 to 3.0 
£6020 10 350 1.0 to 20 
£6024 05 350 1.0 to 20 
E6027 05 350 1.0 to 20 


crack. Electrodes stored in open con- 
tainers will not absorb a harmful 
amount of moisture if the relative hu- 
midity for room temperature is 50° or 
less. If temperature only is controlled, 
150 F is high enough to prevent harm- 
ful amounts of moisture absorption and 
175 F should not be exceeded. 


Iron Powder Coatings 


The use of iron powder in electrode 
coatings is comparatively new and most 
electrode manufacturers now supply 
electrodes that meet the tentative speci- 
fications for these rods. There is still 
considerable variation among the elec- 
trodes supplied by different sources and 
it is recommended that, before rejecting 
or accepting iron powder electrodes for 
production use, sample lots from differ- 
ent manufacturers should be tested ex- 
tensively under conditions of produc- 
tion fabrication. 

Because of the electrical conductivity 
or high current-carrying capacity, and 
the ease of handling the iron powder 
electrodes, it is difficult to prevent the 
operators from using excessively high 
currents that may result in poor or de- 
fective welds. This is important where 
various types of incentive pay are in 
force and necessitates closely controlled 
welding procedures to insure proper 
quality. Using too high welding current 
may impair strength and ductility and 
cause porosity in the weld 


Selection of Electrodes for 

Maximum Welding Speed 
The selection of an electrode that will 
give maximum welding speed consistent 


with requisite quality depends on fit-up, 
ability of the electrode to fill behind the 
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Fig. 10. Redrying Characteristics 
of a Typical E6016 Electrode 


arc, position of the joint to be made, 
and on a number of other factors 

Effect of Fit-Up. Figure 11 shows the 
influence of various sizes of gaps on 
welding speeds. The care needed in cut- 
ting, forming and handling of shapes to 
be welded to avoid poor fit-up is a 
major factor in the cost of welding. A 
gap of 1/64 to 1/32 in. will prevent 
angular distortion and weld cracking. 
For example, a square-edge or single-V 
butt weld on ‘%-in. plate, when welded 
with a 1/32-in. gap, can be made more 
than twice as fast as the same weld 
with a 3/16-in. gap. 

Although Pig. 11 is for butt welds only 
(either square or grooved), fillet welds 
are affected by oversized gaps in a simi- 
lar manner. A fillet weld equal in 
strength to a 7/16-in. conventional fillet 
can be made at 12 in. per min with a 
1/32-in. gap, but at only 8 in. per min 
with a ‘«-in. gap. A gap of 3/16 in. will 
require multiple-pass welding and the 
speed will drop to about 3 in. per min. 

On one job involving a horizontal 
fillet in a lap joint with 0.090-in. plates 
placed in the vertical plane, the follow- 
ing steps came as a result of improved 
techniques and electrode development: 


1 Originally, 5/32-in. E6012X electrodes 
were used at a speed of 50 in. per min. 
A change to 3/16-in. electrodes re- 
sulted in a decrease of approximately 
15% in welding time on each assembly 
with a 10% saving in electrode cost 
and an improvement in quality. These 
benefits resulted from decreased time 
for changing electrodes and improved 


utilization of electrodes 
21It was found that 7/32-in. special 
E6012X electrodes at 80 in. per min 


would produce a weld of higher quali- 
ty than had been possible with the 
3/16-in. electrode at 60 in. per min. 
These electrodes were used with the 
drag technique 


In evaluating electrodes for this oper- 
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Table VII. Comparison of Welding Characteristics of Special E6012X Electrodes of 3/16-In. Diam 


Length 
of Weld, in.‘ 


Electrode 
Brand 


Number 


Abilit 
of Runs‘*) 


to Fill'") 


Appearance 
of Bead‘* 


Stub 


Percentage 
Length, in.‘*) 


Shorted'') 


Vertical 
Operation'* 


43.04 
43.18 
38.83 


Good 1.96 20 
Good 1.88 0 Fair 


Good 
Very Good 
Poor 


Good 


Undercut 


(a) The number of horizontal weld specimens made in the 
electrode-feed device (Fig. 12) with each brand of electrode 
submitted for test. The data in columns 2 through 6 were ob- 
tained from these specimens. At least six specimens were made 
from each brand of electrode that seemed to be acceptable 


(b) The average length of weld, in inches, produced from one 
14-in. elecrode in the electrode-feed mechanism under the follow- 
ing welding conditions: 330-amp ac; welding speed, 60 in. per 
min; force on electrode into the joint, 33 oz; electrode angle, 
20 deg from horizontal; joint-to-electrode angle, 68 deg 

(c) Continuity of weld bead: a rating of “very good” is for 
beads that averaged less than one hole where the weld metal 
separated; those rated “poor” averaged seven or more holes per 
specimen 


(d) The visual appearance of the weld as to contour and under- 


3.33 100 Good 
cut on specimens made with the electrode feed device. The most 


desirable fillet weld is one with a flat bead and good fusion 
at both edges 


(e) The average length, in inches, of the unused portion of the 
electrode after the weld was completed. The electrode-feed 
device was positioned so that if the electrode did not short out 
against the workpiece, the stub was 1.88 in. long when the weld 
was completed 

(f) Percentage of electrodes tested in the electrode-feed device 
that did not burn down to 1,88-in. stub 

(g) This characteristic was classified by the weld appearance 
and the operator's skill required on a 12-in. specimen manually 
welded vertically down with 330-amp ac using the drag technique 
at travel of approximately 50 in. per min. Several specimens 
were made for each brand of electrode tested 


ation, the testing method to be de- 
scribed was developed to compare elec- 
trodes under conditions that had been 
determined to be applicable to the pro- 
duction operation. With all such tests 
the results must be continually cross- 
checked with the actual job problems. 

It was found that manual manipula- 
tion of the welding electrode often pro- 
duced variations resulting from oper- 
ators’ individualities, rather than from 
the characteristics of the electrode 
being tested. Since the electrodes under 
test were for use with the drag tech- 
nique (which requires only a forward 
pressure of the electrode into the weld- 
ing groove, and movement of the elec- 
trode in relation to the joint) a mecha- 
nism was devised that would eliminate 
the human element in the test. This 
was done by mounting an assembled 
joint on a travel carriage to move it at 
a constant speed past the test electrode 
that was mechanically forced into the 
groove at a given pressure (Pig. 12). 
All tests of horizontal fillet welding re- 
ported in Table VII were made with 
this device 

The carriage of the testing device 
(Pig. 12) had a speed adjustable from 7 
to 210 in. per min, with an extension 
bolted to its side for attaching the test 
specimen. The electrode-feeding mech- 
anism consisted of an inclined %-in. 
square steel bar supported by two sets 
of rollers mounted on ball bearings. The 
forward end of this bar had a clamp 
for gripping the bare end of the elec- 
trode. Steel wires (0.016-in. diam) at- 
tached to the rear end of the square 
bar supported the weights that were to 
be applied to the bar to give a forward 
thrust to the electrode. The electrode 
was held in the apparatus by passing 
its forward end through a guide slightly 
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Fig. 12. Device for Testing Electrodes 


larger than the electrode diameter. This 
insured that the electrode would remain 
in the proper position in relation to the 
lap joint. The entire electrode-feed 
mechanism could be rotated horizon- 
tally and vertically to bring the elec- 
trode into the joint at any desired angle. 

A 500-amp a-c welding transformer 
with an open circuit voltage of 78 was 
used for the tests. The time of current 
flow for each weld specimen was ob- 
tained by a time meter actuated by a 
relay in the welding circuit. The length 
of weld was measured on all specimens. 
With the welding time and the length 
of weld known, an accurate value of 
welding speed could be obtained for 
each specimen. The test specimens 
duplicated the condition of the produc- 
tion material 

The lap joints were formed of two 
pieces of 0.090-in. steel, preassembled 
and held together by spot welds. In the 
early tests, the joints were 48 in. long; 
later when tests were made of elec- 
trodes of larger diameter, the length of 
the specimen was increased to 60 in. 

Table VII and the associated explan- 
atory notes indicate the type of data 
obtained from this test. (The few se- 
lected examples of data are representa- 
tive of results on more than 50 elec- 
trodes evaluated by this method.) 

This detailed example has been pre- 
sented to illustrate the importance of 
completely investigating the various 
characteristics of an electrode for opti- 
mum application to a particular job 
Two of the electrodes included in Table 
VII show good all-around performance 
while the third is poor for this particu- 
lar application. It is only for large- 
volume applications that detailed tests 
of an electrode such as those described 
can be justified, since closest coordina- 
tion between the test and the produc- 
tion job is essential if the results are to 
be of value 


Effect of Welding Position 


Whenever possible, the work should 
be positioned so as to attain the great- 
est welding speed, provided the cost of 
positioning fixtures is justified. The 
order of preference for speed is: flat, 
horizontal, vertical, and overhead for 
fillet welds; and flat, vertical, horizon- 
tal, and overhead for groove welds 

Flat and Horizontal Fillet and Lap 
Welds. The speed relationships given 
in Table VIII hold also for other diam- 
eters of the same types of electrodes, 
and selection can be made on this basis 


However, all selections should be veri- 
filed by making tests of welding speed 
under shop conditions with production 
steel before final decisions are reached 

Table VIII gives the speeds attainable 
in making \-in. horizontal fillet welds 
using 3/16-in. conventional electrodes 
and 5 32-in. iron powder electrodes. The 
smaller size of iron powder electrode 
was chosen for the comparison because 
almost the same weight of metal is 
available for deposition per inch of 
electrode from a 5/32-in. iron powder 
electrode as from the 3/16-in. conven- 
tional electrode 

Although the 3/16-in. size was chosen 
for these comparisons, 7/32 and \-in 
electrodes can be used for higher 
speeds. The amperages given represent 
the top, bottom and middle of the pre- 


Table VIII. Linear Speed on \-In. 
Horizontal Fillets for Mild Steel 
Electrodes 


Direct Current 
Speed,‘* 
ft per hr 


Alternating Current 
Speed,'* 


Amp ft per hr 


Amp 
3/16 In. 
160 
170 


3/16 


3/16 


B6016, 3/16 
33.1 
$52 
375 
5/32 
64.9 
718 
758 


E60xx, 5/32 


£6027, 5/32 
00.7 
68.0 
739 


(a) For 100% are time 
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7 
180 12 ‘ 6a 
In. 
160 274 170 205 
170 28.6 180 328 
180 20.6 190 MA 
3/16 In. 
200 3248 220 M6 
220 372 240 91 
240 42.9 260 429 | 
£6012, In. 
200 308 220 466 
220 36.9 240 409 
240 429 260 464 
£6020, In. 
200 515 220 52.1 
220 5 240 57.5 
240 “6.7 260 “1 
4 In. 
Y 200 220 %2 
240 260 43.5 
In. 
200 220 604 
210 240 7235 
220 240 aA 
in. 
260 220 440 
210 470 230 
— 220 505 240 53.1 
In. 
200 220 
\ 220 240 72.0 
240 260 


ferred range of current for each type. 
(The range may vary somewhat for 
different brands of electrodes.) To move 
outside the preferred current range 
ordinarily means some sacrifice in weld- 
metal characteristics or appearance of 
deposit. Certain types of electrodes pro- 
duce welds of greater convexity than 
others, and, as the weld becomes more 
convex, less footage of fillet weld is 
obtained in a given arc-time. 

Results for single-pass flat and hori- 
zontal lap welds and single-pass fiat 
fillet welds of 4-in. size would be close- 
ly similar to the results shown for 
horizontal fillets 

Vertical Fillet and Groove Welds. 
Figure 13 gives the relative footage of 
5/16-in. vertical up fillet weld that can 
be produced in an hour of arc-time with 
3/16-in. mild steel electrodes using di- 
rect current. The amperage used for 
these tests is considered maximum for 
the electrodes represented. Results for 
alternating current would be much like 
the pattern given in Pig. 13. 

In most vertical welding the electrode 
is continually pulled away from the 
molten pool, but without extinguishing 
the arc and yet long enough for the pool 
to solidify before another mass of weld 
metal is deposited. The faster and flat- 
ter the pool solidifies the faster the 
welder can move the electrode back into 
the pool to deposit more metal. Some 
welders take advantage of the fast 
solidification of E6010 and E6011 elec- 
trodes and employ a fast whipping 
technique referred to in Fig. 13 as 
“rapid technique”. In making vertical 
groove welds, the relative speeds that 
can be attained with the same elec- 
trodes are as shown in Pig. 13. 

Horizontal-Butt and Overhead Groove 
Welds. When electrodes are used for 
making horizontal-butt and overhead 
groove and fillet welds, their speed pat- 
tern will ordinarily follow that of verti- 
cal fillet welds (Pig. 13). 

The electrodes represented in Fig. 13 
will produce about 27 ft of 3/16-in. fillet 
weld per hour of arc-time in the over- 
head position and about 20 ft of \-in. 
fillet in the same position. 

Flat Groove Welds. In general, speed 
in making flat groove welds depends di- 
rectly on the deposition rate of the 
electrode. The relative deposition rates 
of the various types of electrodes for 
direct-current and alternating-current 
welding are given in Pig. 14 and 15. 


Selection of Electrodes for 
Least Total Cost 


The form for comparative cost studies 
in Table IX indicates the data normally 
used to compare electrodes for lowest 
cost. The three principal factors that 
affect the cost are arc-speed (labor), 
amount of electrode used (weld bead 
shape), and the cost per pound for the 
electrode. The factor of power cost can- 
cels out because it is approximately the 
same for all applications. The final 
selection of electrodes for a given appli- 
cation depends on the many other con- 
siderations discussed in preceding sec- 
tions of this article, as well as on those 
listed in Table IX 

The cost of welding an assembly can 
be calculated from welding-rate data 
derived from the welding of test speci- 
mens using the proposed welding meth- 
od. A weighed quantity of electrodes is 
used to make the test weld on a speci- 
men that is weighed before and after 
welding. During the test the arc-time is 
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measured with a stop watch. The time 
required to make an inch of weld and 
the amount of electrode used for an 
inch of weld can be calculated from the 
test data. If labor and electrode costs 
are known, cost per inch of weld can be 
determined. 

An Example illustrating the use of 
this method is as follows: An assembly 
requires 250 in. of horizontal weld in a 
%-in. fillet. Two electrodes have been 
proposed: %-in. E6013 and 3/16-in. 
E6024 iron powder electrode. The prob- 
lem is to determine which electrode is 
more economical 

An arbitrary figure of $2.10 per hr is 
used for the cost of direct labor. The 
charge for direct labor is usually entire- 
ly precise; computation of overhead 
charges varies greatly with companies. 
Some divide overhead into two classes: 
fixed overhead, which does not vary 
with direct labor; and variable over- 
head, which does. With this method, 
variable overhead per man-hour is 
added to the cost of direct labor and 
may nearly double the labor charge. 
Since labor is the major cost of welding, 
the method used for handling these 
charges often determines which elec- 
trode is least expensive in production. 

Some companies use only the rate 
paid for direct labor, on the basis that 
if the number of man-hours on a given 
job is reduced, there is no change in 


actual expenditures for overhead items. 

Make-ready for welding and handling 
of the work require the welder’s time. 
These nonwelding activities may in- 
clude: hoisting pieces, locating work in 
fixtures, operating the weld positioner, 
moving parts, handling the welding 
equipment, moving ladders, changing 
electrodes, tacking and cleaning welds. 
A value derived from experience in the 
field can be assigned to each of these 
items. Their total contribution to cost. 
although an important factor, may or 
may not change with the type of elec- 
trode used. In this example, 16 min per 
assembly is charged for these non-weld- 
ing activities. 

The time required to make an inch of 
weld can be determined by two meth- 
ods: (1) timing the weld, measuring 
the length of weld and calculating the 
time for each inch of length. This 
method is simple, but gives inconsistent 
results because of the difficulty of hold- 
ing weld size. (2) Consistently accurate 
results can be obtained by determining 
the weight of the deposited metal per 
unit time and dividing this by the 
weight of an inch of dimensionally per- 
fect weld to find a calculated length. The 
weight of an inch of fillet weld for this 
calculation is obtained by multiplying 
the volume of a \-in. fillet 1 in. long 
(0.25 0.25 05 lin.) by the weight 
of a cubic inch of steel (0.283 lb), which 
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Fig. 13. Typical Linear Speed on 5/16-In. Vertical Up Fillets for Mild Steel 
Electrodes, DC 
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Fig. 14. Typical Deposition Rates for Mild Steel Electrodes 
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Fig. 15. Typical Depeciiion Rates for Mild Steel Electrodes with Alternating 
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equals 0.00884 Ib per in. of \-in. fillet. 

Specimens for checking the welding 
speed and the consumption of the two 
types of electrode were made by tacking 
together two pieces of plate to form a 
T-section. A specimen was welded with 
each type of electrode; three electrodes 
were used for each test. The weight of 
the test specimens before and after 
welding, the weight of electrodes, and 
the arc time were recorded. Data for 
the tests and cost calculations are given 
in Table X 

This method is simple and straight- 
forward and does not require extensive 
tests. Its disadvantage is that all items 
that may vary with the choice of elec- 
trode cannot be evaluated without ex- 
perience on similar jobs or additional 
data collected on the actual job 

In this example, data on cleaning 
costs are not presented. Chipping out 
and repairing of defective welds is a 
costly item that frequently is over- 
looked. If one electrode has a greater 
tendency to produce rejectable defects, 
the cost of chipping out and repairing 
the defects should be charged to weld- 
ing of the assembly. This is often a 
major cost item that influences elec- 
trode selection 

Another requirement is the ease of 
operation or the skill required to use the 
electrode. For example, a skilled oper- 
ator might produce a horizontal fillet 
weld of good quality with a high-pro- 
duction electrode. An inexperienced 
welder might require a slower electrode 
to produce a fillet of equal quality 
and free from undercutting 

The cost of maintaining inventories 
of a number of different types of elec- 
trodes often limits the selection prob- 
lem in a given shop 


Selection Based on Laboratory 
and Field Tests 


Tests for selection of electrodes 
should be made under both laboratory 
and field conditions. Seven examples 
are cited here to illustrate why both 
kinds of tests are necessary. 


Table 1X. Form for Comparative 
Study of Welding Costs 

Item Entry 
Cross section of joint — 
Dimensions, gap and fit-up 

(Consideration should be giv- 

en to advantages in reducing 

weld size if penetration or 

weld strength is improved.) 
Electrode, size, make, class and 

type, using the best size for 

each job 
Current™ and polarity (best 

current and polarity for each 

electrode; this will not be 

the same for both.) 
Arc-speed, in. per min (at 

highest usable current for 

each electrode) 
Arc-speed, ft per hr 
Are-speed % 

factor” Bs 
Actual arc-speed, ft per hr 
Electrode used, ib per ft‘ 
Electrode cost per ib 
Labor and overhead cost per hr 
Total cost per ft 

(a) Cost of power has been eliminated 
as being approximately the same in all 
tests and too small to consider 


(b) Total rod (in Ib) used, including stub. 


(c) Total Electrode Labor and 
cost cost overhead 
ft ft iter 


“operating 


Example 1. In one welding job on a 
pressure vessel, considerable difficulty 
was encountered with joints on struc- 
tural steel, some alloy and some plain 
carbon. Laboratory tests indicated that 
a cellulose type of electrode, such as 
E6010 or E6013, would be preferable, 
both for cost and quality. Since most of 
the steel was more than %-in. thick, it 
was decided to use the E6013 electrode 
for welding the mild steel portion. A 
low-hydrogen E8016 was selected for 
the alloy steel 

As soon as the welded joint was com- 
pleted in the field, it was radiographed. 
Although some of the welded joints met 
the radiographic requirements, others 
failed because of excessive porosity. The 
electrodes were checked by both the 
manufacturer and the user but no de- 
ficiency could be discovered. Some of 
the electrodes made good welds while 
others from the same package did not. 


After the electrodes were thoroughly | 


tested in the laboratory, it was decided 
that the coating and the atmospheric 
conditions were contributing to the 
trouble. 

Since the alloy steel was to be welded 
with the E8016 low-hydrogen electrodes, 
trained and qualified welders were 
available to try the E8016 low-hydrogen 
electrode on the mild steel. Excellent 
results were obtained in the field in 
winter weather, high winds and other 
adverse conditions. The electrodes were 
stored in an oven at 400 F, and no 
welder was allowed to use any electrode 
that had been out of the oven more 
than 4 hr. The welder was also given 


good protection from the wind. The 
radiographs proved that consistently 
good results were secured when proper 
procedures were followed. The actual 
welding time was increased by using the 
low-hydrogen electrodes, but the over- 
all cost with these more expensive elec- 
trodes was satisfactory since the high 
costs of repairs and re-radiographing 
were eliminated 
This same situation developed on an- 
other structure for which the joints 
were to be welded with E6010. The costs 
of making repairs to the weldment and 
re-radiographing the repairs were 
greater than the added cost from using 
the low-hydrogen electrodes. Again it 
was found that some of the E6010 elec- 
trodes gave satisfactory results while 
others of the same allotment did not 
All the electrodes successfully passed 
the procedure qualification standards 
as required by the ASME Code, but did 
not consistently pass the radiographic 
requirements in the field 
Example 2. A typical cost analysis 
using either the E6010 or E6013 versus 
the low-hydrogen electrode is 
Let 1.0 equal the cost of E6010 or E6013 
electrode plus cost of depositing 
1 ft of butt weld. Then 
15 the cost of low-hydrogen electrodes 
plus the cost of depositing 1 ft of 
butt weld 
5.0 = the cost of radiographing 1 ft of 
complete weld 
the cost of repairing 1 ft of defec- 
tive weld using E6010 or E6015 
the cost of repairing 1 ft of defec- 
tive weld using the low-hydrogen 
electrodes 


Table X. Analysis of Welding Costs Computed from Rate of Welding 


Data on Assembly to be Welded 


Length of '4-in. fillet weld specified on assembly drawing 


Labor cost per hour 


Labor time other than welding time required to make weld 


Weight of linear inch of '4-in. fillet weld 


250 in. 
$2.10 

16 min 
0.00884 Ib 


Data on Welded Specimens 


3/16-In 


Electrode cost per ib 

Weight of 3 electrodes 

Weight of tacked 
specimen 

Weight of* specimen 
after welding ver 

Weight of deposited 
metal spew 

Arc time to make weld. 


$ 0.18 


0.56 
0 00884 


Theoretical length of 63.3 in 

weld made 

Pounds of electrode 0810 
used per inch of weld 63.34 

Cost of electrode to 
make inch of weld...0.0128 « 0.18 

Minutes required to 445 
make an inch of weld.63.3 


Labor rate per min 2.10 


Labor cost per inch 
of 
Total are-time cost 
per inch of weld 


Labor $0.00213 
Rod 0.00230 


Arc-time cost for 
welding assembly 250 
Cost of labor other 
than arc-time 
Total cost of welding 
assembly 


0.00443 


0035 x 16 
$1.11 
0 56 


$1.67 


$0.56 


Note: Although the cost of welding an assembly is the same 
'4-in. 6013 electrodes can produce four assemblies in 4 


while a welder working with 3/16-in 
blies in 5 x 15.20 


76.00 min of arc-time 


£6024 Electrode 


0810 ib 
10.00 Ib 
10.56 ib 


0.56 Ib 
3.85 min 


0.0128 Ib per in. 


$0 0023 


0.0608 min per in. 


$0.035 per min 


0.035 = 0.0608 $0.00213 per in 


$0.00443 per in 
$1.11 


1/4-In. E6013 Electrode 


0.135 
0.931 Ib 


10.10 Ib 
10.72 Ib 


0.62 Ib 

5.32 min 

0 62 

0 00884 
0.931 
70.1 


70.1 in 


0.0133 Ib per in, 


00133 


5.32 
701 


2.10 
per min 


06.135 $0.0018 


0.0759 min per in, 


0035 » 0.071% $0.00266 per in. 
Labor $0.00266 
Rod 0.00180 

$0.00446 per in. 


250 » 000446 = $1.12 


0035 16 
$1.12 
056 
$1.68 
a welder working with 
75.92 min of are-time 


$0 56 


18.98 


iron powder electrodes can produce five assem- 
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Prom experience and data secured on 
the job described in example 1, the re- 
pairs and re-inspections amounted to 
about 20% of the footage when using 
E6010 or F6013 electrodes, and only 
about 56% when using low-hydrogen 
electrodes. The cost of welding, x-ray 
inspection, repairing and repeating the 
x-ray inspection of 100 ft of welding is: 


Original weld 
Original x-ray 500.0 
Cost of repairs ..... 020x100x20 408 
Cost of re-x-ray..... 020x100x50 1008 


100 x10 100.0 


Total cost 

Cost per foot 7A 

The cost of welding, x-ray inspection, 

repairing and reinspecting for 100 ft of 

welding made with low-hydrogen elec- 
trodes is: 

Original weld 

Original x-ray 

Cost of repairs 0.05 x 100 x 3.0 

Cost of re-x-ray..... 0.05 x 100 x 5.0 


100 x 15 150.0 
500.0 
15.0 


25.0 


Total cost 690.0 
Cost per foot 69 


From the above analysis it is clear 
that when welds must meet radio- 
graphic requirements, the cost of com- 
pleting an acceptable weldment is less 
with low-hydrogen electrodes. However, 
it must be realized that the cost of pro- 
tecting the weldments from the wind 
and other atmospheric conditions have 
not been taken into account. This cost 
may vary considerably depending on 
the shop or field conditions encountered 
and must be estimated carefully before 
an accurate value can be determined 
for total cost. 

Example 3. The cost of electrodes is 
usually important in all high-produc- 
tion welded assemblies. For such appli- 
cations, it is always necessary to select 
the electrode that has the fastest weld- 
ing speed and yet fulfills requirements 
of appearance, penetration, porosity, or 
strength, with the available equipment. 

The data relevant to electrode selec- 
tion in this example are: (1) weld metal 
with properties equivalent to 1020 steel; 
(2) appearance of secondary impor- 
tance; and (3) electrode satisfactory for 
the steels of higher sulfur content, such 
as 1115. 

The only electrodes that will weld 
1115 steel bars satisfactorily are the low- 
hydrogen types. These include E6016 
and the more costly stainless steel elec- 
trodes. Both of these electrodes will 
satisfy any of the above conditions at 
similar speeds. Thus, the only other 
consideration is electrode cost, so the 
cheaper electrode, £6016, is selected. 

Example 4 concerns a joint for which 
selection of electrode was based almost 
entirely on performance of the electrode 
in laboratory and production tests. This 
joint occurs on a truck cab where the 
side sill is welded to the body-lock 
pillar. 

£6013 was first selected as the most 
satisfactory type of electrode. Labora- 
tory tests were then run to determine 
the ability of different brands of E6013 
to give a satisfactory weld on a sample 
section. Fit-up was varied and all sam- 
ples were welded in vertical down posi- 
tion, using production steel. Two brands 
of £6013 passed all test requirements 
and were selected. When used in pro- 
duction, both these electrodes proved 
satisfactory, confirming results from 
the laboratory. 

Example 5. Another example in which 
selection of electrode was based on field 
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and laboratory tests concerns the expe- 
rience of a fabricator who wanted to 
increase his welding output. About 70% 
of the welding was fillet welding. A 
particular brand of E6012 had been in 
successful use for 3 yr but increased 
production was considered necessary 
Tests were made of deposition rate on 
12 brands of E6012 electrodes in the 
laboratory by depositing weld beads on 
a flat plate and measuring the time re- 
quired for depositing 12 in. of a 3/16-in. 
electrode. The 3/16-in. electrode that 
had been in use previously ranked ninth 
in the laboratory test. 

When the electrode that ranked first 
in the laboratory test was tried in the 
shop, welds cracked because of diffusion 
of alloying elements from the basic steel 
into the weld. This threw doubt on the 
dependability of results obtained in the 
laboratory, so all electrodes tested in 
the laboratory were tested in the shop 
under normal conditions with produc- 
tion steel. Under these conditions crack- 
free welds could be produced with only 
three of the electrodes tested and of 
these three, more footage of satisfactory 
weld was obtained in a given time with 
the electrode that had been used in the 
shop previously. 

The fact that the fabricator returned 
to the original electrode is of only 
casual interest; the principal value of 
the example is in showing that only 
tests made under shop conditions with 
production steel were capable of show- 
ing which electrode would give the 
greatest footage of satisfactory weld in 
a specified time. 

Example 6. Several pressure vessels 
used in a typical refining operation 
required modification by insertion of 
patches into their shells. The internal 
diameters of the vessels were from 4 
to 5 ft, and wall thicknesses were 
between 3 and 5 in. The thickness of 
the insert patch was 2% in.; the patch 
diameter was between 16 and 18 in., 
depending on the extent to which 
previous welds and repairs could be 
removed. The vessels were made 
from plain carbon steel with less than 
0.30% C. 

A previously repaired vessel was 
welded with E6010 electrodes following 
a preheat above 400 F to prevent weld 
cracking. Since the high preheat made 
operating conditions difficult for the 
welders, the type selected was E6016, 
based on the results of laboratory tests 
for mechanical properties of all-weld- 
metal specimens and usability tests for 
position welding. It was found that 
£6016 required less preheat than had 
been used previously and produced 
sounder welds with considerably less 
cracking. 

Example 7. An evaluation of deposi- 
tion rates such as shown in Table XI is 
often valuable in selecting an electrode. 
Electrode cost is a small item in final 
cost of a completed weldment; labor is 
the big item. However, if production arc 
welders are provided with a fast elec- 
trode (with high efficiency in deposition 


Table XI. 
(Tests on 3/16-in 


Melt-off rate, in. per min 
Deposition rate, Ib per hr 
Deposition efficiency, % 
Spatter loss, ‘ 


and hence low spatter loss), proper 
electrode selection results in lower total 
cost of welding. 

For example, with five brands of 
3/16-in. electrodes at 200 amp, deposi- 
tion rate (lb per hr) ranged from a low 
of 4.2 to a high of 5.3, or a difference of 
1.1 lb per hr of weld metal laid in the 
joint. Thus the slowest electrode is 20% 
slower than the fastest. 

Spatter loss for the different elec- 
trodes at 250 amp varied from 6.1 to 
208%. The electrode with a 20.8% spat- 
ter loss broke at 250 amp, and this was 
reflected in low efficiency in deposition 
and low rate of deposition. 


Welding Galvanized or 
Cadmium-Plated Steel 


Many of the usual selection factors 
are not applicable to the choice of elec- 
trodes for welding galvanized or cad- 
mium-plated steel. Here the problem is 
reduced to the simple requirement that 
the coating must be removed as com- 
pletely as possible before the weld metal 
is deposited, primarily to obtain a sound 
weld and also to avoid possible embrit- 
tlement of the base metal under stress. 
If the zinc or cadmium is not removed 
by mechanical or other means, selection 
of electrodes is limited to E6010 or 
E6011, which have deeply penetrating 
arcs capable of burning off the coating 
that obstructs deposition of the weld. 
Adequate ventilation is required to re- 
move the smoke and fumes. Cadmium 
fumes are poisonous (see page 755 of 
the 1948 Metals Handbook). 

The choice between E6010 and E6011 
depends on the power source available 
and, to some extent, on the shape of 
the weldment. Either electrode will 
produce relatively sound welds with full 
penetration. The E6011 with alternat- 
ing current is less subject to arc blow. 
This may be important if internal cor- 
ner welds are involved. Both electrodes 
are usable in all positions and speed of 
welding is usually not important. 

For fabrication involving a coated 
part to be attached to a plain steel 
plate, where a sound weld of good 
appearance is required, it is still neces- 
sary to burn off the coating before good 
fusion is obtained. E6010 or E6011 is 
used to do this at normal welding 
speeds. If a higher speed is required, 
the welding current can be increased 
or electrodes of larger diameter of the 
same types may be used. The extent 
to which this is feasible depends on the 
joint design, the position of welding, 
and the size of weld permitted. 

It must be recognized, of course, that 
welds made on galvanized and cadmium 
plated steel will have no coating and 
are unlikely to be protected against 
corrosion by the adjacent coating on 
the plated part. If a protective coating 
over the weld is required, the steel is 
welded before galvanizing or plating. 
In such an application the selection 
of electrodes is based on the usual fac- 
tors for the type of weldment involved. 


Selection of Electrodes on the Basis of Deposition Values 
. E6012 electrodes) 


-Range vf Results (Five Brands) 
200 amp 225 amp 250 amp 
9.7 to 124 11.0 to 13.0 
42to 53 47 to 53 
76.9 to 82.0 73.7 to 815 
40 to 59 99 


11.7 to 13.7 
47 to 58 
62.8 to 805 
6.1 to 208 


is 
x 
a 
z 


Metal Cleaning Costs 


By the ASM Committee on Cost of Metal Cleaning 


THIS ARTICLE deals with the ele- 
ments of cost in metal cleaning proc- 
esses. The principal items of expense 
considered are: direct labor, labor for 
disposal of cleaning wastes, water, other 
material, energy and maintenance. 


Direct Labor 


Direct labor necessary to operate the 
various cleaning processes, including 
charging and emptying of tanks, will 
vary considerably with the extent of 
mechanization of the process. In the 
table of approximate cost relations, 
Table I, direct labor is based on the fol- 
lowing assumptions. 

Vapor Degreasing. The direct labor in 
this operation is evaluated on the basis 
of one-tank operation and includes 
placing the parts in the degreaser and 
also unstacking. 

Solvent Cleaning costs are for a 
single-tank operation, similar to that 
for vapor degreasing. 

Hot Tank Alkaline Cleaning is evalu- 
ated on the basis of three tanks (alka- 
line, cold and hot water tanks). Because 
of the three operations, labor value is 
slightly higher than for a single tank. 

Cold Spray Alkaline Cleaning is usu- 
ally done in one tank and is of short 
duration. 

Hot Spray Alkaline Cleaning. Labor 
for this method is similar to cold spray 
alkaline cleaning. 

Electrolytic Alkaline Cleaning usually 
requires the same number of tanks as 
hot tank alkaline cleaning. 

Hot Tank Emulsion Cleaning. This 
operation usually requires only one tank 
without any subsequent rinses, and the 
handling will be about the same as for 
other one-tank operations. 

Hot Spray Emulsion Cleaning is simi- 
lar to alkaline spray (hot and cold). 

Acid Cleaning (Sulfuric Acid). This 
method is evaluated for a four-tank 
operation (acid pickling, cold and hot 
water rinses and oiling). Because of 
the longer duration of the cleaning 
cycle and the greater number of opera- 
tions, it will have about the highest 
direct labor costs of any of the methods. 

Abrasive Cleaning. The direct labor 
includes the handling of the metal and 
the grit or abrasive and also the clean- 
ing of the dust collectors. 


Labor for Waste Removal 


The labor cost for waste removal, as 
used in Table I, pertains to the cleaning 
of tanks, the transferring of sludge to 
the disposal area, but not repair main- 
tenance. The cost for waste disposal is 
not included in the table, since disposal 
and waste treatment vary with the pol- 
lution abatement ordinances observed 
in different localities. A few of the fac- 
tors that affect the cost of waste treat- 
ment and disposal are mentioned in 
the following paragraphs to illustrate 
the necessity for a careful appraisal. 


Other Materials .... 
Energy 
Maintenance 
Equipment 

Cost Studies 
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Vapor and Solvent Degreasing. The 
solvent can be recovered by distillation, 
and the soil that remains may be dis- 
posed of on dumps or it may be inciner- 
ated. The latter procedure is often pre- 
ferred because some wastes are toxic, 
subject to spontaneous combustion, or 
have other objectionable properties that 
make them a hazard and a liability on 
either a public or private dump 

Alkaline and Emulsion Cleaning often 
involve a water rinsing operation that 
transfers the soil and oily emulsions 
to a quantity of water. These waste 
waters, when ready for treatment, are 
usually highly alkaline and high in oil 
content. The economics of disposal de- 
pends on the degree of treatment re- 
quired, which, in turn, depends on 
where the waste is to be discharged 
The municipal sewage treating systems 
of some large cities can take consider- 
able amounts of highly concentrated 
waste. Many cities, however, have ordi- 


Supplements the articles on pages 
299 to 301 of the 1948 ASM 
Metals Handbook 


nances that restrict the discharging of 
certain wastes with the water 

Acid Cleaning. Disposal of pickle 
liquors usually involves neutralization 
to prevent a chemical attack on con- 
crete sewer structures or to prevent 
acidifying the receiving body of water 
Also, it is often necessary to remove 
from the effluent the ferrous salts of 
the metal cleaned. Removal of the salts 
usually consists in precipitating them 
as a hydroxide. This is sufficient when 
the waste is discharged to a sewage 
system where simple sedimentation and 
incineration are employed as treatment 
procedures, However, in many localities 
these hydroxide sludges must be re- 
moved before the waste can be emptied 
into municipal sewer systems. This re- 
quires filtration and final disposal of 
the solids on dumps. 


Water 


The water rates for industrial users 
vary with cities from about $0.25 to 
$3.40 per 1000 cu ft. Thus, an operation 
costing $100 per month for water in 
one city might cost $1400 per month in 
another. 

Whether the water is purchased from 
a municipality or is obtained from a 
private source of supply, the ultimate 
cost is determined by approximately 
the same factors—principally, pumping, 
purifying and amortization of equip- 
ment. 

Water is used in metal cleaning proc- 
esses as a coolant, as steam for heat- 
ing, as the vehicle for the cleaning bath, 
and as the rinsing medium. Extreme 
purity is not usually required of water 
used for cleaning operations; the water 
generally available is sufficiently free 
from sediment, grease and excessive 
hardness. The water from relatively 
large lakes and rivers has these qualifi- 
cations during normal periods. During 
periods of high turbulence, however, 
such water usually contains an exces- 
sive amount of suspended solids: coagu- 
lation, sedimentation and filtration are 
then required. Some well water can be 
used without treatment; some requires 
softening. Where extreme purity is nec- 
essary, processes such as ion exchange 
or distillation can be used; however, 
these raise the cost considerably 

Various measures to conserve water 
can be employed for conveyer-type 
cleaning installations. Since these units 
use large volumes of water, moderate 
reductions in flow will decrease the cost 
Countercurrent rinsing systems are 
sometimes used. Sprays are substituted 
for flushing rinses and intermittent 
spray rinses are substituted for continu- 
ous spray rinses. (An intermittent rinse 
operates only when the parts are in the 
line of spray.) 


Other Materials 


The cost of cleaning agents other 
than water depends on the degree of 
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Subdivisions 
Labor for Waste Removal... 169 
Water . 
owe 


Table L. 


Direct Disposal 
Labor Material 


Method Labor 


Vapor degreasing 


Solvent cleaning (tank) 
Alkaline cleaning 
Tank, hot 
Spray, cold . 
Spray, hot 
Electrolytic 
Emulsion cleaning 
Tank, hot 
Spray, hot 


Acid cleaning (sulfuric) 
Abrasive cleaning 
Sand biast . 
Grit blast 
Shot biast 
Aluminum oxide 


Salt bath descaling‘:’ 


(a) Numbers in the first eight columns are on the same scale; 
numbers in the final column (initial cost of equipment) are on a 
seale of 100, for comparison in that column only, and have no 
relation to the scale used in other columns. (b) Overhead, shown 


cleanliness required, the quantity pur- 
chased, and the control of the opera- 
tion. The material costs in Table I are 
based on cleaning the same number 
of parts by each of the cleaning meth- 
ods and at reasonably high efficiency 
with low drag-out. These costs do not 
include materials for waste treatment 
or disposal. 

Vapor Degreasing. The costs can vary 
over a wider range than for almost any 
other type of material. Pockets in the 
work, wind currents in the degreasing 
area, overloading and poor heating 
practices can waste considerable mate- 
rial. The material costs in Table I rep- 
resent high operating efficiency. 

Solvent Cleaning. The cost of these 
cleaning agents is usually less than for 
vapor degreasing. However, the solvent 
becomes contaminated and must be dis- 
carded or redistilled frequently. The 
drag-out or evaporation loss with this 
method of cleaning usually is high; 
therefore, the material costs are about 
as high as with any method of cleaning. 

Hot Tank Alkaline Cleaning. Costs 
are usually low because the cleaning 
agents are relatively cheap and easily 
available sodium salts. Since a higher 


Table Il. Cost of Pickling 


Figures are for a high-production opera- 
tion on flat rolled steel 0.200 in. thick 


(Cost per ton based on monthly averages) 


Other labor costs 
Bonus, vacation, premium pay 
Employee welfare fund 
Materials 
Energy and water 
Maintenance 
Overhead 
Factory 
Office 
Engineering 
Insurance, taxes, depreciation 
Other costs 
Tool charge 
Freight and transportation . 
Miscellaneous 


Total cost per ton 
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Approximate Relative Costs in Metal Cleaning 
Typical cost relations for cleaning steel parts in large quantities‘*’ 


Main- 


Water Energy tenance 


Methods for Removal of Soil 


7 


7 
8 
8 
9 


six columns to left 


concentration of material is necessary 
in tank cleaning than in spray clean- 
ing, more cleaner is lost through drag- 
out and direct disposal. For this reason 
the material costs will be higher than 
in spray cleaning. 

Cold Spray Alkaline Cleaning. A liq- 
uid having high wetting characteristics 
is necessary in cold epraying because 
spray impingement without the help 
of heat is depended on to remove the 
soil. This requirement makes the spray 
material higher in cost than that for 
the hot spray method. 

Hot Spray Alkaline Cleaning. Costs 
will usually be slightly less than for 
materials used in cold spray cleaning 
for the reason just mentioned. However, 
the cost may equal that of cold spraying 
when high cleanliness of work is de- 
manded. The tendency of the bath to 
foam as contamination increases will 
accelerate the need for more frequent 
bath make-up. 

Emulsion Cleaning, Tank and Spray. 
The cost of emulsions will vary depend- 
ing on whether a special condition is 
met, such as the application of a rust- 
preventive oil during cleaning. In tank 
émulsion cleaning, material cost will 
be slightly higher than for spray emul- 
sion cleaning because a slightly higher 
concentration is required. 

Acid Cleaning requires acid, alkali for 
neutralizing after pickling, and usually 
a rust-preventive oil. Costs for these can 
vary considerably depending on the type 
of rust-preventive oil used or whether 
another acid (phosphoric or sulfamic) 
is used instead of sulfuric. The rating in 
Table I is for acid pickling such as used 
in a steel mill. 

Abrasive Cleaning. Material cost in 
abrasive cleaning will vary with the 
smoothness of surface required, amount 
of grit or abrasive consumed, and 
whether an acid pickle will be used as 
a secondary operation 


Energy 
The total cost for heating will depend 
on whether excess utilities are available 
or whether additional facilities are re- 
quired. Heat losses can be high as a 


result of aeration of sprays and hot air 
drying. 


Over- 
head‘” 


Total of 
Columns 
to Left 


Initial 
Cost of 
Equipment 


20.6 
19.0 


16.6 
13.6 
16.1 
17.5 


as a nominal minimum, the same for all processes, will usually 
vary more with local conditions than the factors shown in the 
(c) Applies only to the cleaning of high- 
alloy ferrous material 


Vapor Degreasing. Energy is needed 
to maintain the cleaning liquid at its 
boiling point (185 F). 

Solvent Cleaning. Solvents are used at 
room temperature 

Alkaline Spray Cleaning. Heat energy 
is needed to maintain solution tempera- 
ture at or above 180 F. Power is required 
for the pumps employed with spray 
equipment. 

Alkaline Tank Cleaning. Tank opera- 
tion requires the same heat energy as 
spray cleaning but no power, unless an 
agitator is used. 

Electrolytic Cleaning. Heat is needed 
to maintain the solution at 180 F; elec- 
trical energy is required to provide about 
50 amp per sq ft at 6 v direct current. 

Emulsion Spray Cleaning. Heat en- 
ergy maintains the solution between 
160 and 180 FP. Power is needed for 
pumps on spray equipment 

Tank Emulsion Cleaning requires the 
same heat energy as the preceding but 
no power unless an agitator is used 

Acid Cleaning (Phosphoric Acid). 
Heat energy is needed to maintain tem- 
perature between 160 and 180 F. Agi- 
tators are sometimes used 

Blast Cleaning. Air pressure at about 
25 psi is used to propel the abrasive. 
Electrical energy moves the work 

Salt Bath Descaling. Heat energy is 
needed to provide temperature of 850 F. 


Table Ill. Time Distribution for 
Two Cleaning Cycles 


Cleaning Before Hard Chromium Plating 
60 pieces per lot 
4.1 hr total cleaning time per lot 
Vapor degreasing 2.4% of total time 
Acid pickling 183 
Electrolytic cleaning ... 17.1 
Vapor blasting 


Cleaning Before Bright Nickel 
13 pieces per lot 
3.55 hr total cleaning time per lot 
Vapor degreasing 42% of total time 
Acid pickling 19.7 
Electrolytic cleaning 18.3 
Vapor blasting 578 


Plating 


100.0 


+o by 
2 9 01 2 05 50 
2 9 0 06 04 10 
2 4 1 1 0.6 2 | 15 
5 2 3 09 01 06 2 | 40 
2 2 12 3 09 2 40 
2 4 1 2 05 2 70 
2 3 1 2 06 2 15.6 15 
2 2 12 4 09 2 17.1 40 
a. Methods for Removal of Scale 
3 | 25 35 2 2 | 27.0 90 
2 0 3 8 2 28.0 100 
1 0 3 9 2 29.0 100 
1 0 3 9 2 29.0 100 
2 0 3 2 30.0 100 
a pe 7 4 20 1 4 1 2 39.0 75 
| 
ia Item per Ton 
Labor, inside pee 
0,008 
; . 6.110 
. 0.821 
0.554 
. 0.178 
4 100.0 
. 0.066 
0.044 
0.010 
. 0.010 
0.010 
0.044 
| 


Maintenance 


Maintenance of Solutions. For vapor 
degreasing, alkaline tank cleaning and 
alkaline electrolytic cleaning, this main- 
tenance includes solution make-up, 
analysis and additions. Although a rea- 
sonable amount of caution is necessary 
in dissolving alkaline cleaners, a solu- 
tion of 6 oz per gal can be made with- 
out danger about as fast as the ma- 
terial can be poured into the tank. 
Agitation and heat may be necessary to 
effect complete solution. 

Alkaline cleaners should be analyzed 
daily for equivalent caustic, equivalent 
carbonate, difference between equivalent 
caustic and carbonate, and the sum of 
these two constituents. These analyses 
are especially important where a vari- 
ety of metals are being processed. A 
double titration and the necessary com- 
putation will take about 5 min. Solvent 
is usually replenished each day on the 
basis of average usage, with small cor- 
rective additions as indicated by chemi- 
cal analysis. 

Degreasing solutions are purchased 
ready for use and can be pumped or 
poured directly into the machine. The 
analysis consists of a titration with acid 
for the pyridine-inhibited solvents, for 
example, permachlor, and a pH meas- 
urement for solvents containing neutral 
inhibitors. The presence of aluminum 
dust makes cleanout maintenance es- 
sential, since a “Friedel-Craft reaction” 
occurs to a slight extent even in the 
presence of inhibitors. 

Acid cleaners can be analyzed by ti- 


Table Iv. 


tration or by Baumé measurements of 
the specific gravity. The former is more 
accurate since dissolved metal! salts will 
raise the Baumé readings. Make-up is 
usually from carboys, although acid 
buggies for larger installations are 
available with air pumps and hose. 

Maintenance of Equipment. Main- 
tenance of tanks and of the attendant 
piping constitutes the bulk of the main- 
tenance work required in most clean- 
ing installations. 

Degreasers require cleaning of the 
still as well as the chambers through 
which the work passes. Since a de- 
greaser may be heated by gas, electricity 
or steam, the nature of the mainte- 
nance will vary. Cooling coils and water 
jackets require little attention, but heat- 
ing coils become caked with buffing 
and drawing compounds that must be 
removed about once each week. 

Removing parts and sludge from 
spray or vapor chambers requires the 
labor of two men; the one working in 
the tank wears a respirator while the 
other watches from the outside to offer 
help in the event of mask failure or 
other accidents resulting from the tri- 
chlorethylene fumes 

Spray nozzles require periodic clean- 
ing, even when screens are used as 
filters in the lines. Pumps, valves and 
packing suffer greater than normal 
wear, partly because of removal of lu- 
bricating oi] and grease, and partly 
because of the wear by abrasives that 
are removed from the buffed and pol- 
ished work. 

Alkaline and electrolytic cleaner tanks 


Pre-Plating Example — Cost of Energy and Materials 


Computed on a monthly basis for cleaning 105,892 sq ft of steel parts 
in automatic machine before nickel plating 


Energy (Electricity) 


Alkaline electrolytic cleaner for 126 sec total time at 


23 amp per sq ft for 1000 sq in. 


= 0.03575 kwh 


$0.009 per kwh 0.03575 $0 00032 
Cyanide cathodic cleaner for 48 sec ‘total time at 
17 amp per sq ft for 1000 sq in. 0.01543 kwh 
Total cost of electricity $0.00046 
$0.00046 
(Steam) 
h 
100 ib per hr 2 tanks 528 hr % $1.50 per 1000 Ib $0.01038 
15,250 thousand sq in 
Material 
Tank alkaline cleaner (7 stations) 
499 Ib cleaner, $6.50 per 100 Ib..... , $92.44 
320 Ib sodium hydroxide, $4.00 per 100 Ib.. 12.80 
3 Ib wetting agent, $30 per 100 Ib 090 
6.14 
Electrolytic alkaline cleaner (4 stations) 
960 ib cleaner, $6.50 per 100 Ib . 6240 
227 Ib sodium hydroxide, $4.00 per 100 Ib 9.08 
4 ib wetting agent, $30 per 100 Ib 1.20 


Sodium cyanide electrolytic cleaner (2 stations) 


326 Ib sodium cyanide, $18 per 100 Ib 


Total cost of material $177.50 
Cost 1000 i 
‘ost per sq in. 15.956 $0 
Water 
10 gal per min per rinse 3 rinses 21,120 hr = 633,600 gal per month. 
633 600 
415 r 1000 in. 
15,250 
$0.90 per 1000 cu ft per 
Total costs for energy ond ‘tmatertats $0 02761 


must be cleaned periodically to remove 
scale and sludge. This interval may 
vary from a week to more than a month, 
depending on the work load and the 
kind and amount of soil removed. Fre- 
quent cleaning will minimize variation 
in quality of cleaning. Alkaline cleaning 
machines must be piped for steam, 
water and sometimes air if agitation 
is used. Drains ‘(with overflows) or 
sewers connected to waste disposal facil- 
ities are usually lined with chemical- 
resistant tile. Valves and pumps that 
handle cleaners require more mainte- 
nance than those for water. Although 
pumps are not directly attacked by al- 
kaline solutions, the removal of lubri- 


Table V. Pre-Plating Example — 
Maintenance Costs 


Solution Maintenance 


Replenishments, ', hr per day $21.00 
Solution make-up, 3'5 hr per month 7.00 
Analysis, %4 hr per day 33.00 
Material handling, ‘y hr per week 4.30 
$65 30 

Cost per 1000 sq in $0 00428 

Equipment Maintenance 

Pipe fitting, materia! and labor $10.00 
Electrician's labor 10.70 
Machinist's labor 23.50 
$44 20 

Cost per 1000 sq in $0 00289 

Total cost of maintenance 

per 1000 sq in $0.00717 


Table VI. Pre-Plating Example — 
Initial Cost of Equipment 
Tanks 
One 7-station, 2-lane alkaline tank.§ 540 
One 4-station, 2-lane 
electrolytic tank ...... 400 
One 2-station, 2-lane 
electrolytic tank 240 
Piping 
Estimated . 70 
Ventilation Equipment 
Blowers and vents (9 double ducts) 1,000 
Heat Exchangers 
6 plate coils (5 by 2 ft) at $53.50 321 
2 plate coils (2 by 2 ft) at $40.00 80 
Generators 
One, 2500 amp, 5,000 
One, 1500 amp, 9 v 3,000 
Bus Bars 
100 ft by 2 by | in 203 
Anodes 
24 perforated steel with 
double copper hooks 24 
Installation Labor 
Tanks, piping and vents 


Generators and bus bars 
Total 


Table VII. Pre-Plating Example — 
Summary of Variable Costs 

Direct Labor (a) 
Material 
Water 004068 
Energy 001000 
Maintenance 0.00717 
Total cost per 1000 sq in $6 04478 


(a) No direct labor is charged to the 


cleaners since all racking and unracking 
must be done for nickel plating 
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Table VIII. Comparison of Cost for Vapor Degreasing and Alkaline Cleaning (Problem 1. Computed on an hourly basis) 


Direct labor 

Materia! 

Utilities 
Water, $0.05 per 1000 gal 
Steam, $1.50 per 1000 ib 
Electricity, $0.03 per kwh 
Gas, $040 per million Btu 


Maintenance 
Labor 7 * $2.00 per hr 


Reject handling ... 
Overhead, 25% of total labor ... 


Operating costs per hr 


Investment 
Building 
Equipment 


Depreciation 
Fixed costs per hr 
Total costs per hr .. 


(a) Trichlorethylene 11'4¢ per Ib; solvent loss 11 Ib per ton. 
(b) Cleaner 18¢ per ib; loss 12 Ib per operating hr. (c) 600 gal 
per hr. (d) 3000 million Btu (140 million to heat work, 100 
million for spray, 70 million for cleaning spray, 120 millien for 
outside still, 75 million for radiation). (e) 1-hp conveyer motor, 
2-hp spray pump. (f) Two 7'¢-hp spray pumps, l-hp conveyer 
motor, 3-hp blower. (g) Heating requirements for aeration and 
radiation losses in each spray tank (2 * 1000 million Btu) and 


Table IX. Summary of Cost Distribution for Vapor 
Degreasing and Alkaline Cleaning 
Problem 1, Computed on an hourly basis (See Table VIII above.) 


Vapor 
Degreasing 


Alkaline 


Item Cleaning 


Labor, maintenance and overhead 
Material 

Utilities 

Rejects 

Investment and depreciation 


Table XI. Comparison of Cost for Vapor Degreasing and 


Item 


Direct labor 

Material 

Utilities 
Water, $0.05 per 1000 gal... 
Steam, $1.50 per 1000 ib (90% 
Electricity, $0.03 per kwh ‘ 
Gas, $0.40 per million Btu (50% 


Maintenance 
Labor, 4 = $2.00 per hr per week 


Reject handling - 
Overhead, 25% of total labor 
Operating costs per hr 


Investment 


Building 
Equipment 


Depreciation ... 
Fixed costs per hr ... 


Total costs per hr . 


(a) 2.25 gal per hr solvent loss. (b) Chemicals ($1.75 per gal) 
one gal per 19 gal water in 250 gal tank, overflow 6% per hr. (c) 
400 gal per hr. (d) Degreasing: 183 million Btu (37 million for 
heating work, 30 million for spray, 30 million for condensate, 
40 million for outside still, 46 million for radiation), Emulsion 
cleaning: 1100 million Btu (500 million Btu for total aeration and 
radiation losses in each spray tank, 600 million Btu for drier). 
(e) l-hp conveyer motor; 1'y)-hp spray pump. (f) Two 4-hp spray 
pumps, l-hp conveyer motor, 2-hp blower 
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0.1801) 


Vapor Degreasing 
Variable Costs 


Alkaline Cleaning 


$1.75 


6.30(a) 2.16(b) 


$0.42(f) 
2.40(g) 


0.50 
017 


$ 9.98 


1,17 


3.00 
0.9011) 


0.60(m) 
$ 2.07 ; $ 3.60 


$12.05 $12.36 


1000 million Btu to heat air in drier, or a total of 3000 million 
Btu. (h) For 2% rejects, which require stripping, recleaning and 
repainting at four times cleaning cost. (i) On basis of average 
construction of $1 per cu ft; 4% depreciation; gross return 12%, 
assuming 50% tax; upkeep and property tax; or, a total cost of 
$3.60 per sq ft per year. (j) Cost $9000; gross return 12%, 
assuming 50% tax. (k) Cost $12,000; gross return 20%, assuming 
50% tax. (1) 20% per year. (m) 10% per year 


Table X. Summary of Cost Distribution for Vapor 
Degreasing and Emulsion Cleaning 
Problem 2. Computed on an hourly basis (See Table XI below.) 


Vapor 
Degreasing 


Emulsion Cleaning- 
Item Steam 
Labor, maintenance and overhead. 35.3% 31.9% 
Material . 44 15.6 
Utilities 25.0 
Rejects bes oda’ 3.1 
Investment and depreciation 244 


100.0 


Emulsion Cleaning (Problem 2. Computed on an hourly basis) 


Vapor Degreasing Emulsion Cleaning 


$1.75 
1.30(b) 


$1.83(d) 
0.25(f) 
0.88(g) 


2.08 (Steam) 
1.13 (Gas) 


040 

0.26(h) 

0.50 
(Steam) 
(Gas) 


0.75(i) 
0.85(k) 


1.60 
0.43(m) 


$2.03 


$8.32 

$7.37 

ments for aeration and radiation losses in each spray tank (2 » 
250 million Btu) and 600 million Btu, or a total of 1100 Btu 
(h) Require stripping and rehandling at four times cleaning cost 
(1) On basis of average construction cost of $1 per cu ft; 4% de- 
preciation; gross return 12%, assuming 50°, tax; upkeep and 
property tax 2%; or, total cost of $3.60 per sq ft per year. (j) Cost 
$5500; gross return 20%, assuming 50% tax. (k) Cost $8500; gross 
return 20%, assuming 50% tax. (1) 15% per year. (m) 10% per 
year. 


$7.22 (Steam) 


(Gas) 


— 
se) 
0.47 0.67 
0.80(h) 
Fixed Costs 
82.3 11.5 
22.8 
64 
100.0 100.0 100.0 100.0 
Variable Costs 
| 
0.30 
5.44 
0.73 


cating greases and oils increases the 
wear on bearing surfaces 

Bus-bar connections on electrolytic 
cleaners must be checked frequently for 
voltage drops. Maintenance of genera- 
tors or rectifiers consists of brief inspec- 
tion and lubrication; brushes and com- 
mutators require periodic cleaning, fre- 
quency of which varies inversely with 
the cleanliness of their surroundings. 
Exhaust hoods need cleaning from con- 
densed cleaner fumes. If solution levels 
in the tanks get too high, foam and 
liquid are drawn up the stacks. Control 
valves for steam and automatic level 
controls for the cleaner need mainte- 
nance inspection each month. 

Labor Time for Maintenance. The 
cost of labor for maintenance is rela- 
tively small in comparison with some of 
the other items, but it deserves consid- 
eration in a complete analysis of cost. 
Typical labor times, evaluated for nor- 
mal conditions, and omitting lengthy 
shutdowns for major repairs, are about 
as follows: vapor degreasing, 8 hr per 
week; solvent, 1; tank alkaline, 4; spray 
alkaline, 8; electrolytic alkaline, 4; 
emulsion, 4; and acid pickling, 4. 


Equipment 


Vapor Degreasing. Heating coils are 
needed for the vaporizer, and water 
coils for condenser, redistillation unit 
and ventilating equipment. 

Solvent Cleaning. The tank may be 
of cold rolled steel. No heating is re- 
quired. Fume exhaust equipment (hood 


Table XII. 


Item 


Direct labor, 528 (24 hr per day for 22 days) 
Disposal labor, 1', 
Material 
Utilities 

Water, $0.035 per 1000 gal 


Steam, $0.49 per 1000 Ib.. 
Electricity, $0.009 per kwh 


Maintenance 
Labor and material 


Operating cost per month 


Initial cost of equipment 
Total cost per month 


Total cost per hr 


(a) 369 gal soluble oil at $0.55 per gal. (b) 191') Ib sodium 


hr per week at $1.70 per hr 


and ducts) is needed if chlorinated sol- 
vents are to be used 

Alkaline Cleaning. The tank may be 
of carbon steel. Hot tank cleaning re- 
quires steam coils and ventilating equip- 
ment. Cold spray cleaning requires 
pumps and piping (risers, headers and 
nozzles). Hot spray cleaning requires 
pumps and piping (risers, headers and 
nozzles), as well as steam coils and ven- 
tilating equipment. Electrolytic clean- 
ing requires steam coils, ventilating 
equipment, bus bars and an electrical 
power source such as generators or 
rectifiers. 

Emulsion Cleaning. The tank may be 
of carbon steel. Hot tank cleaning re- 
quires steam coils and ventilating equip- 
ment. Hot spray cleaning requires 
pumps and piping, steam coils and ven- 
tilating equipment. 

Acid Cleaning. The tank should be 
lined with lead or other corrosion-re- 
sistant material, as well as the heating 
coils and ventilating units. 


Cost Studies 


Several examples of cost analysis 
given in the accompanying tables will 
illustrate the need for attention to all 
items of variable cost. Items of fixed 
cost are omitted in most of the tables 

Table IIT shows cost distribution for 
a particular pickling application, and 
Table III summarizes distribution of 
time for two cleaning cycles, each in- 
volving four methods in sequence 
Tables IV through VII pertain to 


Emulsion 


Variable Costs 
$1.68 per hr 


$887 04 
11.05 
202. 


$ 0.13(¢) 
8.501d) 
30.14(f) 
86 
82.131) 


Fixed Costs 


Comparison of Cost for Emulsion Cleaning and Alkaline Cleaning 
Problem 3. Computed on a monthly basis of 528 hr 


Cleaning 


cleaning in an automatic plating ma- 
chine, before nickel plating; the opera- 
tion is for a 16-hr day, 5 days per week. 

Tables VIII through XII relate to 
comparisons of methods for specific 
jobs as follows: 


Vapor degreasing 
alkaline cleaning 
Vapor degreasing versus 
emulsion cleaning 
Emulsion cleaning versus 
alkaline cleaning 
The specific applications 
comparisons are as follows 
Problem 1 (Tables VIII and IX). Vapor 
degreasing compared with alkaline wash- 
ing of cabinets made from 1lé-gage steel 
Cabinets weigh 100 Ib each. Work week 
is 40 hr, 2000 hr per yr 
Problem 2 (Tables X 
degreasing compared 


versus 


in these 


and XI). Vapor 
with emulsion 


cleaning of aluminum alloy reflectors 
weighing 4‘, Ib each. Work week is 40 
hr, 2000 hr per yr 

Problem 3 (Table XII) Emulsion 


cleaning compared with alkaline clean- 
ing of 52,800 gears per month, 100 per hr 
for a 24-hr day, 22 days per month 
Because of the specific character of 
these examples, the data are not appli- 
cable in general. In many applications 
selection of the method of cleaning is 
determined by the effectiveness of 
cleaning or by local conditions regard- 
ing availability of equipment in the 
plant, rather than by a comparison of 
costs. Hence, the examples included 
here are not recommendations for any 
particular method of cleaning 


Alkaline Cleaning 


$887.04 
11.05 
11.491 b) 
10.30/e) 
40.57 
62.1318) 
$1,222.03 $1,032.28 
$5,605. 72(h) $5,605.72(h) 
$6,827.75 $6 658 00 
$ 1293 1257 


ib per hr for 16 hr per day). (f) 7'>-hp pump, i-hp conveyer 
orthosilicate at $0.06 per ib. (c) 705 gal per week for solution motor. (ag) Includes labor for make-up, additions, analysis, han- 
make-up, plus 10% per week for loss. (d) 660,000 Btu at 160F dling, repair parts and labor. (h) Includes $5,006.04 for equip- 


(49.8 ib per hr for 16 hr per day). (e) 790,000 Btu at 180F (60 


ment and installation, $156.11 


for wiring, $354.57 for pipe fitting 


Health and Fire Hazards 


Acids. Sulfuric, muriatic and phos- 
phoric acids are dangerous to the skin 
Sulfuric is a powerful dehydrating agent, 
which accounts for much of the “burn- 
ing” and destructive action of this acid. 

Muriatic acid gives off HC! gas which 
is immediately irritating when inhaled 
in concentrations of 5 ppm (parts per 
million) or more. Lower concentrations 
are apparently less harmful, but they 
may promote tooth decay. 

Sulfuric and phosphoric acids are 
found in the air only when dispersed as 
a mist. Concentrations of sulfuric acid 
over 1 ppm may be intensely irritating to 
the upper respiratory passage 

Alkalies. Alkaline cleaners usually 
contain alkalies which are intensely irri- 
tating to the upper respiratory organs 
when dispersed as dust or mist. They are 


also strong skin irritants and especially 


damaging to the eyes. Data on permis- 
sible concentrations are not available 
Solvents. Paraffin hydrocarbons with 
boiling points from 104 to 212 F predomi- 
nate in anesthetic action. As volatility 
decreases, irritating action becomes 
greater. Kerosene is not volatile enough 
to be an anesthesia hazard under most 
conditions but is primarily an irritant 
The fire hazard of volatile petroleum 
hydrocarbons is greater than the health 
hazard. However, gasoline vapor and air 
will not explode until the concentration 
exceeds 20,000 ppm (2%) but symptoms 
of narcosis may occur with 1000 ppm 
Carbon tetrachloride is one of the most 
harmful of the common solvents. Con- 
tinued exposure to concentrations of 50 
to 100 ppm will produce chronic effects 
such as nausea, loss of appetite and 
vomiting. Higher concentrations will 


cause jaundice. Severe and even fatal 
liver damage has occurred with exposure 
to concentrations between 100 and 200 
ppm. The fatal cases have generally 
occurred when using it in fire fighting 
or from injudicious use of this solvent 
in a confined space. Maximum allowable 
concentration is 30 ppm. H. B. Elkins 


states: “Alcoholism predisposes to carbon 
tetrachioride poisoning.” 
Trichiloroethylene has relatively 
toxic effect as compared with 
tetrachloride but maintenance 
lost their lives climbing 
containing very high 
trichloroethylene vapors. Death was at- 
tributed to the strong narcotic power 
A maximum allowable concentration of 
190 ppm is recommended 
Tetrachioroethylene, sometimes 
perchioroethyliene, is a strong 
with little other toxic effect 


slight 
carbon 
men have 
tanks 
of 


inside 
concentrations 


called 
narcotic 
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TESTING AND INSPECTION 


Creep and Creep-Rupture Tests. . . . 


Creep testing machines and grips. The test specimen. Measurement 
and control of temperature. Measurement of strain. Reporting of 
data. Rupture data. Elongation. Design curves. Creep strength data. 
Plotting of curves. Extrapolation of data. Rupture strength. Use of 
data on creep and rupture. Relaxation tests. Rupture testing of 
notched specimens. Intermittent (slow) load and temperature 
cycling. Dynamic creep and fatigue properties. Compression, shear, 
bending, bearing and multiaxial loading. Effect of test atmosphere. 
Holding time, aging, stabilization, 


Radiography of Metals. . . . . . 


Radiographic systems. Application of systems. Arrangements of com- 
ponents of the system. Selection of x-ray equipment. Selection of 
radioactive sources, Selection of x-ray films. Screens. Photographic 
processing. Viewing of radiographs. Fluoroscopic screens. Sum- 
mary of limitations of radiographic systems. Safety requirements. 
Application to control of manufacturing processes. Application to 
100% product inspection. Radiography of weldments. Iron and 
steel castings. Aluminum and magnesium castings. Maintenance in- 
spection. Inspection of finished assemblies. Powder metal parts. 
Microradiography. 


Macro-Etching of lron and Steel. . «© «© « «© 195 


Equipment for macro-etching. Etching solutions. Etching procedure. 
Recording of results. Interpretation of results. Special techniques. 


CREEP may be defined as plastic 
strain occurring under constant or 
nearly constant stress. All metals 
creep at a sufficiently high temperature, 
which varies with the metal. Thus 
lead may creep at room temperature, 
whereas a metal such as molybdenum 
might not creep a like amount even at 
temperatures to 1500 F 

The rate of creep (that is, the slope 
of the curve of creep strain versus time) 
in a specific material depends on the 
temperature, the imposed stress and the 
time. Whereas, at relatively low stress 
and temperature, creep may stop, at 
high temperature it generally will con- 
tinue until the metal breaks. Hence, 
design must be based on an anticipated 
useful life that depends on the applica- 
tion. For example, a guided missile 
might be designed for one hour, where- 
as central station power generating 
equipment may be designed for a life 
of 20 yr or more. 

Whatever the application, the stress 
applied in a creep test must be such 
that fracture does not occur, and in 
many instances it is also necessary that 
the strain should not exceed a limiting 
amount; for example, 1% in steam tur- 
bine and piping applications. The data 
that the designer requires for selecting 
working stresses within these restric- 
tions are provided by creep and creep- 
rupture ‘also called stress-rupture) 
tests, and, if dynamic stressing is in- 
volved, by fatigue tests. Short-time ten- 
sion tests at elevated temperature— 
even those in which the strain-rate is 
held constant—are of little value for 
selection of working stresses, except 
possibly in applications involving an 
operating life of short duration. 


runory Tertiary 
Creep 


Frecture 


reep Strain, in per in 
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Fig. 1. Typical Creep Curve De- 
fining Various Portions of the Curve 


Creep and Creep-Rupture Tests 


Subdivisions 

Creep Testing Machines 

and Grips 
The Test Specimen.........177 
Control of Temperature... .177 
Measurement of Strain.....178 
Reporting of Data..... in 
Rupture Data ........... . 178 
Design Curves........... ..179 
Creep Strength Data.......179 
Plotting of Curves eet. 
Extrapolation of Data......180 
Rupture Strengths.......... 180 
Use of Data on Creep 

and Rupture .......... .. 180 
Relaxation Tests ........... 181 
Rupture Testing of 

Notched Specimens..... 181 
Load and Temperature 

Dynamic Creep and 

Fatigue Properties........ 183 


Compression, Shear, 
Bending, Bearing and 
Multiaxial Loading...... 183 


Effect of Test Atmosphere. 


Holding Time, Aging, 
Stabilization 


ASM-SLA Q3 


Both creep and creep-rupture tests 
are conducted conventionally by apply- 
ing a constant load to a test specimen 
held at constant temperature. If the 
specimen fractures during test, it is 
termed a creep-rupture test, whereas 
if the test is discontinued before rup- 
ture, it is termed a creep test. Creep 
Strains, as a function of time, are al- 
ways measured in the creep test, but, 
even though desirable, not always in 
the creep-rupture test. A series of such 
tests at different loads, at each tem- 
perature of interest, provides the basic 
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information from which can be evalu- 
ated the dependence of creep strain 
and fracture on stress, time and tem- 
perature, as discussed below 

Since the cross-sectional area of a 
specimen undergoing creep is continu- 
ously changing, it is to be recognized 
that with constant applied load, the 
stress does not remain constant. How- 
ever, since the magnitude of creep 
strains that may be encountered in 
service is usually quite limited, the 
change in stress during the test is often 
unimportant. When the change in 
stress is of important magnitude, or 
when interest centers on the funda- 
mental aspects of creep phenomena, 
constant-stress tests may be made, and 
several ingenious techniques for main- 
taining constant stress are available 

A typical curve of creep strain versus 
time, in a constant-load tensile creep 
test (Pig. 1) is conveniently broken 
into four parts: (1) the elastic and 
plastic deformations that occur on ap- 
plication of the load (the elastic and 
plastic strain on loading are difficult to 
differentiate; the simplest way is by 
an independent measurement of modu- 
lus of elasticity, which permits a sepa- 
rate evaluation of the elastic strain); 
(2) a period of primary (transient) 
creep in which the rate of creep dimin- 
ishes with time; (3) a period of second- 
ary creep in which the rate is virtually 


constant (steady state or minimum 
creep rate); (4) a period of tertiary 
(third stage) creep, or accelerating 


creep rate, which ends in fracture 
Figure 2 shows the variation in creep 
rate as a function of time, as deter- 
mined from Fig. 1. It will be noted that 
steady state creep is not in fact steady 


Creep Rote, hr 


Time hr 


Fig. 2. Creep Rates During Various 
Periods of the Creep Test 
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but goes through a minimum. For prac- 
tical purposes, however, an average 
value of the creep rate in the secondary 
period is conveniently defined as a re- 
gion of “minimum creep rate”. 

Under special conditions certain of 
the stages may be accentuated or even 
absent; thus, at relatively high temper- 
ature the creep curve may appear to 
show an accelerating rate from the out- 
set, whereas in relatively brittle metal 
the tertiary stage may be absent for 
practical considerations. In some al- 
loys, microstructural changes occurring 
during test may cause departures from 
typical behavior. 

Whereas creep, in the popular con- 
ception, becomes evident as a change 
in length with time (Pig. 1) it may also 
manifest itself in a reduction in stress 
while maintaining a constant length, 
as in bolting. In such applications, the 
elastic strain initially imposed on a 
bolt is replaced by creep strain, while 
the over-all length remains fixed, with 
a consequent reduction in hold-down 
stress. This manifestation of creep is 
termed “relaxation” and is studied in 
“relaxation” creep tests which, in gen- 
eral, simulate the behavior of a bolt, 

In selecting working stresses for 
equipment operating under static con- 
ditions at elevated temperatures, infor- 
mation concerning time to rupture 
(creep-rupture tests) is always needed, 
even though it may not be the determi- 
nant factor. In other equipment where 
the amount of strain that can be toler- 
ated is a limiting factor, creep-strain 
data are also needed and often prove 
determinant in_ setting allowable 
stresses, Thus, it is quite fallacious to 
think of the substitution of time-for- 
rupture data for creep-strain test data, 
or vice versa. 

Specific recommendations regarding 
the length of time that creep and rup- 
ture tests should be conducted cannot 
be made without reference to the an- 
ticipated service life. For relatively 
short-life applications, such as guided 
missiles or jet engine applications, it is 
common to conduct tests lasting as long 
as the contemplated service. For longer- 
life applications, as in central station 
power generation, it is manifestly im- 
possible to test for as long as 20 to 40 
yr, and extrapolation of test data is 
necessary. For such applications, the 
longer the test, the more confident the 
extrapolation, and whereas no hard and 
fast recommendation can be made, 
many tests in reference to such appli- 
cations now continue as long as 10,000 
hr (417 days). Also, metals may be ex- 
posed for long periods without stress at 
elevated temperature and then creep 
tested in the conventional manner. 


Creep Testing Machines 
and Grips 


The primary requirement for the 
loading frame is either to impose (1) 
constant force or (2) constant stress 
during the life of the specimen. Since 
constant-stress testing (with load al- 
tered during test to match the continu- 
ous change in specimen cross section) 
has thus far been used for research 
purposes only and not for commercial 
testing, only the constant-force loading 
frame will be described here. 

Creep has been studied under vari- 
ous types of stress, principally tension, 
compression, bending and torsion. In 
some problems the state of combined 
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stress becomes important, and creep 
tests have been conducted under inter- 
nal pressure and combinations of tor- 
sion and tension. Also creep has been 
investigated under cyclic temperature 
and cyclic stress. Of these only the ten- 
sile creep test at constant temperature 
has attained general acceptance for 
commercial testing and will therefore 
be the only type of test described here. 

Recommended practices for creep 
testing have been published (see ASTM 
E22-41, for example) to guide investi- 
gators. However, many variables are 
not yet clearly understood in creep test- 
ing, and fixing all testing details rigidly 
might prove detrimental to the best 
interest of progressive research. Con- 
sequently, no attempt has been made in 
the ASTM recommended practices to 
prescribe specific and detailed proce- 
dures and apparatus. Rather, attempts 
are made to cover only the principal 
variables, such as temperature, stress, 
time and extension, which are known 
to be important. Since other variables, 
such as specimen shape and the sur- 
rounding atmosphere, might also be of 
great significance, current recommend- 
ed practices should be considered ad- 
visory, rather than restrictive. 

Most recommended practices for con- 
stant-load creep tests specify that the 
load on the specimen should be known 
with an accuracy of 1%. The load on 
the specimen during its entire life 
should be maintained within 1% of its 
original value. Thus, some types of 
machines may require readjustment 
during a test so as to maintain constant 
load, particularly if creep is extensive 

Various schemes for applying and 
maintaining constant load have been 
used; three will be discussed 

The simplest by far is direct loading 
without the use of beams. However, be- 
cause of the wide range of stresses 
studied for any one metal, greater flex- 
ibility of stress application is possible 
through beam systems. Where the stress 
is low, direct loading is feasible and in- 
volves the least danger of error. 


In most machines the load is applied 
by means of dead weight operating 
through a lever having an amplification 
from approximately 5 to 20. In high- 
capacity machines, double levers have 
been used to obtain a higher amplifica- 
tion so that excessive weights are not 
required. In general, the minimum 
practicable amplification should be used 
and other design precautions should be 
observed so that errors caused by in- 
correct location or wear of knife edges 
or other lever pivots do not affect lever 
alignment and ratios within the 1% 
mentioned above. Also the number of 
readjustments required to avoid exces- 
sive lever displacement and to maintain 
constant force during extensive creep 
decreases with decreasing lever ratio. 
As in all dead-weight types of ma- 
chines, special precautions should be 
taken to insure smooth application of 
load, since even temporary overloading 
may affect the results of the test for 
some metals. 

In a third type of machine, in which 
mechanical or hydraulic loading is used, 
a calibrated elastic member or spring 
dynamometer is placed in series with 
the specimen to indicate the load so 
that dead weight is not required. Since 
creep in the specimen may significantly 
relax the load on the dynamometer, 
this type of loading frame generally re- 
quires a follow-up system to maintain 
constant deflection, and thus constant 
force, in the dynamometer. 

In some installations a multiple test 
setup has been used so that as many as 
48 test specimens may be loaded in a 
large common furnace, each specimen 
having an independent loading system 
supported by a common frame. 

Since the shock and vibration caused 
by fracture of a specimen in a multiple 
test setup or in an adjacent loading 
frame or by nearby equipment may 
affect the test results, special frame 
mounts are sometimes necessary for 
insulation against vibration 

Whatever type of loading frame is 
used, careful attention should be given 
to the method of attaching the grips 
and to the concentricity of specimen 
loading. Unless the resultant load 
passes through the center of the test 
section, serious variation in stress dis- 
tribution may occur, particularly dur- 
ing the early part of a test when bend- 
ing of the specimen is more probable. 
Thus, spherical heads, crossed knife- 
edges, or universal joints are generally 
used to improve alignment of grips. In 
general, such pivots or swivels must 
have low friction to be effective. In 
addition to this, the threads in the 
specimen grips must be concentric with 
the pivot line; otherwise, serious bend- 
ing might result. 

Threaded ends are most common for 
grip attachment; an adequate number 
of threads must be provided for grip- 
ping to avoid upsetting of the threads 
of the specimen or holder and to pre- 
vent thread fracture. A tight fitting 
grip is to be avoided. In addition, on 
round specimens spherical seating or 
a taper seat is sometimes used, espe- 
cial for materials that do not machine 
well, For sheet specimens a hole and 
pin arrangement is most common. Ef- 
forts to avoid specimen-to-grip seizure 
are important, especially for the higher 
test temperatures. Preoxidation, graph- 
ite dipping and refractory washes are 
sometimes used to minimize welding-in. 
In general, it is desirable to check ex- 


‘ 


perimentally the stress distribution in 
the specimen so that the variation from 
the average stress is less than 5'%. 


The Test Specimen 


Above all, to have significance, the 
test specimen must be representative 
of the alloy and structure. In the prep- 
aration of the specimen every effort 
must be made not to introduce side 
effects. The three important factors in 
the design of a test specimen are: (1) 
form of the end connection and reduc- 
tion from ends to test section; (2) the 
gage length; and (3) the size and form 
of the cross section. 

In deciding on the form of the end 
connection, it is necessary to consider 
not only strength factors, but also the 
effect of specimen ends on the waiform- 
ity of stress distribution in the test 
section. The reduction from the ends 
to the test section should be gradual 
(minimum fillet radius should be ap- 
proximately equal to the specimen ra- 
dius) so that serious concentrution of 
stresses and local stress flelds are not 
produced. Although the stress concen- 
tration may not seriously weaken many 
specimens under static loading, it might 
cause a local stress field within the gage 
length of the specimen and thus affect 
creep measurements. However, if the 
length of the test section beyond the 
gage length is reasonably great (for ex- 
ample, one radius) and if gage length 
is a minimum of about 4 diam. signifi- 
cant error in measurement of strain 
will not result because of end restraint. 
For creep-rupture tests of ductile met- 
als where the strains are measured 
from the shoulders, the fillet radius can 
be made small (%% the specimen radius) 
to provide an effective:gage length of 
greater stability. 

The selection of an appropriate gage 
length is a compromise between two 
factors. A longer gage length senerally 
enables greater sensitivity of measure- 
ment of unit creep values; however, be- 
cause of the necessity for uniform dis- 
tribution of temperature over the gage 
length, the longer gage length imposes 
much greater difficulties in temperature 
control. Furthermore, specimens with 
a long gage length are more difficult to 
make. Although gage lengths up to 10 
in. have been used, the 2-in. gage 
length is usually employed. (A |-in. gage 
length is also used for creep-rupture 
tests involving small strains, especially 
in testing alloys for aircraft gas tur- 
bines.) The dimension of the test sec- 
tion should be uniform throuyhout the 
gage length; a tolerance of *05% is 
suggested by the ASTM recommended 
practice 

The two most common forms of spec- 
imens used for creep tests ure cylin- 
drical and flat; the cylindrical speci- 
men is preferred from the test view- 
point if there is a choice. Most circular 
cross sections fall in the range from 
0.160 to 0.505-in. diam. Here, too, the 
specimens with smaller diameter per- 
mit simpler loading and furnace con- 
struction and control; however, the 
contribution of sma!) defects such as in- 
clusions or segregation or the varia- 
tions caused by grain size are best aver- 
aged out in the larger cross sections. 
Very few data are available on the 
effect of shape of the specimen cross 
section. In alloys where oxidation or 
decarburization or intergranular corro- 
sion occurs, the diameter of the speci- 


men becomes an important factor. Also, 
under creep strains, the shape of the 
cross section may affect the nonuni- 
formity of strain and thus may alter 
the observed gross behavior within the 
gage length. 

If the creep is measured over the en- 
tire specimen, it becomes important to 
consider creep in the fillets. Since the 
gage-length equivalent of the fillets is 
not constant but may vary with tem- 
perature, stress and time, the equiva- 
lent gage lengths for both the elastic 
and the plastic components of the 
strain should be carefully determined. 

In preparing the test section of a 
specimen, it is necessary to consider not 
only surface smoothness, but also the 
distortion, cold working, and residual 
stress caused by the machining oper- 
ation. During final cuts, only a small 
amount of metal should be removed, in 
order to minimize surface effects, but 
the cut should be deep enough to avoid 
smearing the metal. 


Measurement and Control 
of Temperature 


Accurate control of temperature is 
demanded in the determination of the 
creep properties of metals, and in 
ASTM Recommended Practice E22-41. 
Appreciation of the importance of this 
test variable has been the major factor 
contributing to the ability of various 
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laboratories to obtain creep results re- 
producible by other laboratories. Not 
only is creep behavior highly sensitive 
to temperature, but often the magni- 
tude of creep increments being meas- 
ured is in error because of similarity 
to thermal expansion changes caused 
by temperature fluctuation. 

The attainment of constant and uni- 

form thermal conditions over the speci- 
men gage length re- a 
quires an appropriate . f 
heating source, tem- | 
perature - measuring 
element, and control 
device best suited for -ae 4 
the type of specimen, \ 
environment, and 
range of temperature 
under consideration. 
The most common 
form of heating fur- 
nace adopted for gen- 
eral creep testing has 
been the wire-wound 
resistance type con- 
sisting of a nichrome, 
kanthal, or platinum- 
rhodium wire wound 
on a refractory core 
of tubular shape con- 
tained within an in- 
sulated casing 

By proportioning 
the spacing of wind- 
ings, rough compen- 
sation may be made 
for heat losses from 
the furnace ends and 
openings. A _ finer 
adjustment of tem- 
perature gradients 
over the specimen 
gage length may be i 


Fig. 3. Wiring Arrangement for a 

12-In. Test Furnace with a Window, 

Showing the Number of Turns, with 

Provision for Local Adjustment o 

Temperature (J. A. Fellows, ; 

Cook and H. S. Avery, Trans AIME, 
150, 360, 1952) 


accomplished by tapped connections on 
the windings, which permit shunting of 
appropriate sections by external re- 
sistors. Figure 3 illustrates the ar- 
rangement of such a winding for a fur- 
nace requiring a window opening for 
optical measurements of creep. The 
closer winding at the ends compensate 
for heat losses from the furnace ends 
and the conduction of heat from the 
furnace through the rods that hold the 
specimen, 

An alternative winding arrangement 
may consist of separate coils of wire 
over several sections of the furnace to 
which the power input may be regula- 
ted individually. A metallic sleeve of 
good thermal conductivity, located on 
the inner side of the furnace core, is 
sometimes used where conditions per- 
mit, for further minimizing tempera- 
ture gradients 

Where relatively rapid heating rates 
or extreme temperatures are required, 
the test specimen may be heated by 
passing heavy current through it. 
Where such a heating method is used, 
temperature of the specimen must be 
measured carefully, because of the 
sharp transverse temperature gradients 
existing in the medium surrounding the 
specimen. This method of heating 
would not be used where large defor- 
mation of the specimen or nonuniform 
elongation would be expected because 
of localized hot spots. 

Molten salt or oil baths are used ad- 
vantageously in some instances. While 
excellent distribution of temperature 
and rapid heating conditions result, 
other experimental difficulties may be 
encountered or undesirable surface re- 
actions may develop between specimen 
and environment 

Temperature of the specimen can be 
measured and controlled most conven- 
jently and with reasonable precision by 
means of thermocouples in conjunction 
with potentiometric-type indicating 
and automatic-controlling instruments 
In spite of the 1 or 2 F sensitivity of the 
commercially available potentiometric 
temperature controllers of either the 
galvanometer or electronic-detection 
type, various precautions must be taken 
in the external control circuitry to min- 
imize cycling of temperature. This sit- 
uation can be helped by (1) locating 
the control thermocouple near the fur- 
nace windings; (2) selecting appropri- 
ate power input by means of a variable 
transformer; (3) throttling power over 
a high-low range rather than on-off; 
(4) utilizing proportionate controlling 
devices or anticipatory circuits. A typi- 
cal temperature control circuit is 
shown in Pig. 4. 

Other forms of temperature-control 
elements, such as resistance thermom- 
eters or thermal expansion systems, 
have been used satisfactorily for creep 
testing 

In addition to the need for automatic 
control of temperature, acceptable 
creep-testing practice requires that the 
gage-length temperature of the speci- 
men be monitored throughout the dura- 
tion of the test both by automatic re- 
cording and by manual checking with a 
precision instrument. It has been found 
feasible to maintain indicated test tem- 
peratures within 2 or 3 F of the nominal 
value over prolonged periods of time, 
with thermocouple systems where pre- 
cautions have been taken to hold room 
temperature constant and to regulate 
the line voltage. The absolute tempera- 
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ture value may, however, be no better 
than +3 to 5 F unless extreme precau- 
tions are taken. 

The accuracy with which the indi- 
cated temperature represents the actual 
temperature of the specimen will de- 
pend on the type of thermocouple used, 
the care taken in the attachment of 
thermocouples to the specimen, the 
initial calibration, and the extent of 
calibration change during the test be- 
cause of environmental conditions. 
Contamination or deterioration of ther- 
mocouples in long-time tests and at 
high temperatures is also an important 
consideration. 


Measurement of Strain 


In creep testing, extensions of the 
order of 0.001 to 0.00001% per hr must 
be measured accurately. In creep-rup- 
ture testing, even though strain meas- 
urements are sometimes omitted, it is 
desirable to measure elongations of the 
order of 0.001 in. accurately. 

A number of methods are available 
for making accurate measurements. 
They are of two types: (1) those that 
are read outside the furnace, primarily 
through extension rods attached to the 
specimen and used to activate an exter- 
nal strain-measuring system; and (2) 
those that are read optically inside the 
furnace from strain gages attached to 
the specimen. 

One of the more sensitive methods of 
the first type was developed by Mar- 
tens. Two parallel arms are attached 
to the specimen and extend out of the 
furnace. A rhomb supporting a small 
mirror is attached in V-~-notches be- 
tween the two arms by means of light 
springs. Relative movement of the two 
arms rotates the rhomb and mirror. 
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Fig. 4. Typical Temperature Control 
Circuit for Creep Testing 


The deflection caused by the strain is 
measured by sighting through a tele- 
scope the reflected image on a scale a 
measured distance away from the 
mirror. 

Similarly, the use of two parallel 
arms extending outside the furnace 
permits the attachment of a sensitive 
dial gage, or a set of SR-4 strain gages 
that permit direct reading in the first 
instance and automatic recording in 
the second, or a linear differential 
transformer that is capable of detecting 
small changes in strain with a high 
degree of accuracy and also permits 
automatic recording of creep. Such an 
extensometer system is illustrated in 
Fi 


g. 5. 

With the SR-4 strain gages, the ex- 
tension arms contact cantilever beams 
to which the gages are attached on 
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both the tension and compression sides. 
The gages on each pair of beams are 
electrically opposed so that the net 
change in resistance caused by beam 
deflection induced by specimen elonga- 
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Fig. 5. Extensometer System Using 
Linear Differential Transformer To 
Detect Small Changes in Strain 
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tion is added electrically to give a read- 
ing proportional to the average exten- 
sion of the specimen. 

In any system using extension rods 
attached to the specimen and extend- 
ing outside the furnace, the accuracy 
of the reading depends on: (1) room- 
temperature control and similar ex- 
posure of both rods to temperature 
changes; (2) place of attachment of 
the rods to the specimen. (Attachment 
at the shoulder obviously requires a 
correction for creep outside the gage 
length. Attachment at the gage length 
is a problem because of the notching of 
the specimen and the slippage that 
occurs during creep as a result of 
changes in specimen diameter); (3) 
stability of the extension rods. 

The second class of methods for 
measuring requires a window in the 
furnace through which the specimen 
and attached gage markers can be ob- 
served optically, usually at 100 diam 
and with a long working distance for 
the telescope. If a dou- 
ble window is used (one 4 
at each gage mark), a 
double telescope is re- 
quired, which uses an 
invar block to avoid di- 
mensional changes. Fine 
platinum wires are ei- 
ther attached at the 
shoulder or spot welded 
or wired at the gage 
marks. Fine notches 
are used as reference 
markers to measure 
elongation. 

For specimens of short 
gage length, it is much 
simpler to use a tube 
and wire combination as 
shown in Fig. 6. The 
wires and tube may be 
platinum or a_ stable 
stainless steel or ni- 
chrome. Only one win- ' 
dow is required and - 


Fig. 6. Wire and Tube Optical 
Method for Measuring Creep (N. J. 
Grant, in ‘fa Temperature Prop- 
erties of Metals”, ASM, 45, 1951) 
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therefore one telescope for reading. 
Pine notches in the wire, using the top 
of the tube as a reference point, permit 
accurate readings of strain. 

There are both advantages and dis- 
advantages in these different methods. 
The optical method is independent of 
changes in room temperature (the 
Martens method requires +1 F for 
accurate work) provided the furnace 
and control system are operating ade- 
quately. Attachment at the gage points 
is simpler with the optical method and 
permits a more accurate “zero” reading. 
Unfortunately the furnace is more diffi- 
cult to build fer accurate temperature 
distribution and control when a window 
must be included. 

For creep-rupture work, where accu- 
rate strain readings are not critical, a 
dial gage capable of being read to the 
nearest thousandth of an inch is fre- 
quently adequate to establish a strain- 
time curve by measuring between two 
points outside the furnace, provided the 
grip system is so sturdy that measur- 
able creep is not taking place. A true 
zero is not obtained for the curve, but 
the minimum requirements of a curve 
are met. A similar approximate curve 
can be obtained by measuring the drop 
of the beam used to apply the load. The 
magnification obtained by the beam 
provides a reasonably good curve sub- 
ject to the same limitations as the dial 
method. 


Reporting of Data 


Selection of materials and allowable 
stresses for use at high temperature is 
based on the requirement that no part 
become inoperative because of creep. 
All designs require that failure must 
not occur by creep-rupture within the 
design life. Usually, however, limited 
deformation in the required life is the 
design criterion. Most designs limit de- 
formation to no more than 1% and 
some require as little as 0.1%. 

Creep and rupture properties are in- 
fluenced by all the metallurgical vari- 
ables to which the metal is exposed 
during manufacture and fabrication. 
Reporting of data should, therefore, 
include the chemical composition, type 
and size of melting furnace, whether 
tested as a casting or a wrought prod- 
uct, size and form of material, and heat 
treatment or other procedures for final 
conditioning. In addition, data are use- 
ful by which the response to earlier 
history can be judged, such as hardness 
and mechanical properties at room 
temperature, grain size and microstruc- 
tures. Any other information pertinent 
to general applicability of the data, 
such as type of deoxidation of steels, is 
helpful in evaluating data. 

In collecting and correlating avail- 
able information on the properties of 
alloys at high temperatures, the Data 
and Publications Panel of the ASME- 
ASTM Joint Committee on the Effect 
of Temperature on the Properties of 
Metals has developed efficient forms 
covering the minimum desirable data. 

Rupture Data. Basic data from rup- 
ture tests are the stress and rupture 
times together with elongation and re- 
duction of area. Usually, the data con- 
cerning stress-rupture time are pre- 
sented as log-log curves (Pig. 7). It is 
common practice to conduct tests with 
fracture occurring at about 1000 hr in 
establishing such curves, although the 
data are more valuable if tests of longer 
duration are made. Stresses for rupture 
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in definite time periods can be read 
from the curves, with those for rupture 
in 10, 100 and 1000 hr most commonly 
reported. The actual test data are fre- 
quently omitted in reports, even though 
they are desirable for many purposes. 
When the curves show no breaks over 
the range of test values, the usual 
straight-line stress-rupture time curves 
are extrapolated to 10,000 and 100,000 hr 
to establish stresses for rupture at these 
time periods. When rupture strengths 
are available over a range of tempera- 
tures, it is customary to show curves of 
rupture strength versus temperature, 
for specific rupture life values (Fig. 8). 
Values for Elongation and reduction 
of area are usually reported only with 
the actual test data. It is desirable to 
note both values on the stress-rupture 
time curves, although usual practice is 
to show only elongation (Pig. 7). Inter- 
polated values are frequently included 
with tabulations of rupture strengths. 
Design Curves. When creep data are 
taken during rupture tests, it is most 
convenient to plot curves showing times 
for various total deformations (elastic 
plus plastic on loading, as well as time- 
dependent creep) for the test stresses 
(Fig. 9). Supplementing the rupture 
tests, lower-stress creep tests enable 
plotting of such curves for 0.1, 0.2, 05 
and 1% deformation and in some speci- 
mens larger amounts. Such presenta- 
tions, first developed by M. J. Manjoine 
(Trans ASME, 67, 111, 1945), have been 
termed “design curves” inasmuch as 
the designer can select the design stress 
directly from the curves at each tem- 
perature if the strain tolerable during 
service life is known. 
Design curves are usually plotted as 
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Fig. 9. Design Data for Low-Carbon 
N-155 poe Alloy Disk Tested at 
1200 F (N. J. Grant and A. G. 
Bucklin, Trans ASM, 42, 720, 1950) 


stress versus the log of time. This is 
merely a convenient form and has no 
fundamental significance. No method is 
known for extrapolating such curves 
directly and reliably; consequently, they 
are usually limited to the actual maxi- 
mum testing periods 

Creep Strength Data. Stresses for 
limited deformations in prolonged time 
periods are usually reported in this 
country as creep strengths. These 
strengths are normally derived from 
tests of no more than 1000 to 2000-hr 
duration by plotting stress against sec- 
ondary creep rates on logarithmic co- 
ordinates, with three or four tests in 
the range of 0.0001 to 0.00001% per hr 
(Pig. 10). The secondary rate is either 
the true minimum creep rate or an 
approximation of this from an average 
rate over the last few hundred hours 
of testing, and as such does not repre- 
sent the same “minimum”. 

For many years it has been custom- 
ary in this country to evaluate mate- 
rials in terms of the stresses for creep 
rates of 0.0001 and 0.00001% per hr and 
to treat them as equivalent to the fol- 
lowing amounts of creep at longer time 
periods by simple multiplication: 


per r % per 
% per hr 1000 hr 10,000 hr 100,000 hr 
0.0001 01 10 
0.00001 0.01 61 10 


Creep strengths are most often reported 
in terms of the stresses for rates of 0.1 
and 0.01% per 1000 hr (Pig. 8) 

A reported creep strength can be 
used to calculate actual deformations 
only when the creep rate remains un- 
changed over the period of extrapola- 
tion, or at least represents an average 
value for that period. In addition, cor- 
rection should be made for deformation 


during loading and during primary 
creep. A convenient method of obtain- 
ing such data is to determine the inter- 
cept, «, (Pig. 1) of the extension of the 
straight-line secondary creep asymptote 
to the creep curve back to the strain 
axis. Total extension « at time f¢ is: 


t +o 


when v is the secondary creep rate. In- 
clusion of intercept values in reports is, 
therefore, highly desirable 

The amount of deformation and the 
duration of primary, secondary and ter- 
tiary creep are rarely specifically re- 
ported in engineering data. There are, 
however, many instances where careful 
attention should be given to these char- 
acteristics. Sometimes the design curves 
show the start of secondary or tertiary 
creep. This indicates the stress-time 
relationships for onset of rapidly in- 
creasing creep in the tertiary stage 

Plotting of Curves. Most stress-rup- 
ture and stress-creep rate curves are 
plotted on logarithmic coordinates. 
Sometimes, however, semi-log plots of 
stress versus the logarithm of the rup- 
ture time or creep rate are published, 
since many theoretical treatments re- 
quire a semi-log plot. In certain in- 
stances, the data are represented equal- 
ly well either way. Probably neither 
method is wholly correct, and the ac- 
tual relationships involve hyperbolic 
sine curves. Either log-log or semi-log 
plots give good approximations of this 
curve at high and intermediate stresses. 

Changes in the slope of log-log curves 
using the convention of plotting 
straight-line segments also emphasize 
or maximize instabilities of structure or 
surface during testing, and signal 
changes in mode of creep or fracture 
that may be important to interpreta- 
tion. 

Complete reporting of the creep and 
rupture properties of an alloy would 
require design curves from actual data 
extending to at least 1000 hr for a num- 
ber of temperatures in the useful 
temperature range of the alloy, supple- 
mented by creep data for extrapolating 
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Creep Rate for 18-8 Stainless Steel 


deformation curves. The time and ex- 
pense for such a complete evaluation, 
however, usually restricts testing to 
only a portion of the complete range. 
Most testing provides data for specific 
applications or for surveying properties. 
It is important to recognize that such 
limited tests provide only part of the 
deformation dependency on stress, time 
and temperature, and that the relative 
strengths can vary with stress, time 
and temperature 

Additional Desirable Data. Besides 
creep and rupture data, it is often de- 
sirable to report results of tensile, im- 
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pact and hardness tests after exposure 
to creep conditions. Structural! changes 
in the metal, or surface corrosion may 
alter physical properties drastically and 
induce susceptibility to shock loads and 
stress concentrations, particularly dur- 
ing shutdowns and restarts where ther- 
mal stresses can be severe 


Extrapolation of Data 


Absolutely reliable extrapolation of 
rupture curves to prolonged times re- 
quires the absence of changes in slope 
in the log stress versus log rupture life 
or creep-rate plots. This seldom hap- 
pens and one must utilize data that 
clearly indicate changes in structure. 
For this purpose, stress-rupture time 
curves for several temperatures lends 
confidence to extrapolation 

Changes in structure leading to 
changes in slope usually occur sooner 
as the temperature increases. Thus, if 
there are no marked differences in 
slope for curves over a range of temper- 
atures of possibly 200 F or more for 
time periods as long as 1000 hr, extra- 
polation as a straight line of the lower- 
temperature curve to 10,000 hr is quite 
safe, and may even be safe to 100,000 hr. 

Marked differences in slope for curves 
within about a 200 F interval are a sure 
indication of a change in slope of the 
lower-temperature curve over the time 
period of extrapolation, indicating the 
need for longer tests or careful approx- 
imations of the probable influence of 
the change in slope. Such changes in 
slope are almost always toward lower 
stresses for rupture in a given time 
period. Only rarely is a flattening off 
to higher stresses observed. Titanium, 
tested above about 1000 F in air, shows 
this effect, from alloying of oxygen ab- 
sorbed from the air 

Rupture Strengths should be consid- 
erably higher than creep strengths if 
the extrapolation of secondary creep 
rates for limited deformations is to be 
trusted. If creep strengths are nearly 
equal to the rupture strength, or higher, 
as is frequently observed, either rup- 
ture will occur with low deformation or 
tertiary creep will start prematurely 
and cause more creep than predicted 
from the secondary creep rate. Since 
extrapolated rupture strengths on log- 
log plots are never low, a high ratio of 
creep strength to rupture strength 
should be viewed as questionable. 

Assuming reliable rupture data, low 
ratios of creep to rupture strength are 
almost always indicative of continued 
decrease in creep rates with time to 
values below those established in the 
creep tests. Ratios of creep to rupture 
strength of the following order indicate 
reliable creep data for extrapolation: 


0.0001% per hr creep strength 
10,000 hr rupture strength 
0.00001% per hr creep strength 
100,000 hr rupture strength 


= 0410086 


Because of structural instabilities, 
deviations from the ideal type of creep 
curve are common. Primary creep may 
be virtually absent or may be excessive 
and extend over prolonged periods of 
time. Secondary creep may persist for 
only very short time periods because of 
tertiary creep. For the more brittle ma- 
terials tertiary creep may be largely or 
entirely absent. Such factors point to 
the desirability of checking extrapola- 
tion for limited deformations from 


METAL PROGRESS; PAGE 180 


creep data by means of rupture tests. 
Frequently, creep behavior is so com- 
plex that rupture data are far more 
reliable for design unless the creep tests 
that are used approach the service life. 

The log-log relationship between 
stress and minimum creep rate is usu- 
ally not a single straight line over wide 
ranges of stress. The curve is generally 
quite flat at high creep rates ‘high 
stress) with an increase in slope at in- 
termediate rates and probably a further 
increase at very low rates, especially if 
points are plotted at the iow stresses 
that are not representative of the “min- 
imum” rates. The usual range of rates 
for long-time extrapolation, 0.0001 to 
0.00001% per hr, are found ordinarily 
in the intermediate slope. After study- 
ing available data, P. G. McVetty 
(Mech Engineering, March 1934) found 
that most data favored a hyperbolic 
sine relationship, a condition that 
would explain the usual apparent 
changes in slope associated with log- 
log or semi-log plots. Therefore, ex- 
trapolation of stress-creep rate data to 
lower rates should be done cautiously. 

A reliable means of extrapolation 
from a few relatively short-time tests 
has long been sought. A simple relation, 


T (20 + logt) = K 


when T is the absolute temperature in 
deg Rankine and ¢ is the rupture time 
as proposed by F. R. Larson and J. Mil- 
ler (Trans ASME, 74, 865, 1952), fits 
rupture data remarkably well for a 
fairly large number of metals. Appar- 
ently it can be adapted to creep data 
with considerable success. It offers an 
opportunity for evaluating the approxi- 
mate strength of an alloy or for com- 
paring the effect of metallurgical or 
processing variables through a few 
short-time tests. 

A test of 12 hr at 1350 F has the same 
parameter value, KX, as a 1000-hr test at 
1200 F, if the constant is 20. For most 
metals, the correlation is not accurate 
enough for the strengths to be relied 
upon generally to more than about 
“10%. The utility improves with the 
number of points over a wide range of 
testing conditions, especially if such 
points permit the selection of a con- 
stant more representative than 20. 

The relationship has been used in- 
creasingly and has been adopted in the 
most recent ASTM compilation of prop- 
erties of metals at elevated tempera- 
tures (ASTM Spec Pub 160, 1954). Ex- 
treme caution is required in its use for 
extrapolation to longer time periods. 

A time-temperature relationship has 
also been proposed by S. S. Manson and 
A. M. Haferd (NACA Tech Note 2890, 
March 1953) for the extrapolation of 
creep and stress rupture data: 


(T — T,)/(logt — logt,) =K 


where T is the temperature in deg F 
and ¢t is the rupture time in hours, and 
T, and log t, are material constants 
that can be determined by rupture data 
in the time range from 30 to 300 hr. A 
plot of this parameter against stress 
appears to result in considerably less 
scatter than was observed by the Lar- 
son and Miller method that utilized 
fewer and shorter tests. 7, and log t, 
are both, of course, determined experi- 
mentally, and require more data than 
the Larson and Miller method; there- 
fore they are considerably more accu- 
rate than the rather arbitrary Larson- 
Miller constant of 20. 

Later Manson and W. F. Brown, Jr. 


(Proc ASTM, 53, 693, 1953) extended the 
relations with a generalized correlation 
method that leads to a suggested ex- 
plicit relation among stress, tempera- 
ture, and rupture time in the form 

(T — T,)(log t — log t,)* = 
A (log a log a)? 


where T., log t,, A, log ¢,, « and B are 
material constants with alpha ordi- 
narily equal to —1. Sigma is stress 

Attempts to utilize this equation are 
still awaited; nevertheless, it follows 
that in any relationship of this type, 
the more items of test data included 
and coming from a broad spectrum of 
testing variables, the greater will be the 
reliability of the constants and the 
more accurate will be the extrapolated 
results. The greatest need is for suffi- 
cient application of all such methods of 
extrapolation so that the conditions 
under which they will not work are 
clearly understood. It is doubtful in a 
phenomenon as complex as creep and 
rupture that any one correlation will 
hold for all metals, particularly where 
rupture lives or limited deformation for 
time periods of 10,000 to 100,000 hr are 
desired from short-time tests 

The Larson-Miller relationship, or 
the methods proposed by Manson are as 
good as any available for temperature 
extrapolation of data. Various theo- 
retical and empirical treatments have 
been proposed which generally relate 
creep strength to some function of the 
reciprocal of the absolute temperature. 
All of these apparently are more limited 
in range of temperature and applicabil- 
ity to a variety of alloys than the more 
recent methods described 

There are no foolproof methods for 
extrapolating values for elongation and 
reduction of area from short-time rup- 
ture tests to prolonged time periods, 
partly because of lack of understanding 
of what causes changes in ductility over 
a range of temperatures and times. Be- 
cause of intercrystalline cracking, values 
of reduction of area or elongation at 
the end of second-stage creep are more 
reliable for interpretation of metal be- 
havior and short-range extrapolation 

Often there is an intermediate tem- 
perature that results in minimum elon- 
gation values for a given rupture time. 
The ductility, especially at the end of 
second-stage creep (Fig. 9), generally 
decreases as the rupture time increases 
with a tendency toward lower values. 
On the other hand, there are instances 
when the total elongation and reduc- 
tion of area increase from a minimum 
value in more prolonged tests. Again, 
data for a range of temperatures serve 
as a guide for probable behavior. 


Use of Data on 
Creep and Rupture 


The discussion here will be limited to 
service conditions that can be approxi- 
mated with tensile creep-rupture tests 
at constant temperature and steady 
load. Information on more complex 
operating conditions is supplied in sub- 
sequent paragraphs 

Metallurgical variables can introduce 
variations in strength at high temper- 
atures equal to those encountered at 
room temperature from such factors as 
heat treatment, cold work, manufac- 
turing methods and fabrication condi- 
tions. Consequently, it is essential that 
data used should be applicable to the 
final form of the metal. Even where 


these factors are held constant, some 

scatter in properties must be expected. 

Therefore, it is desirable to have as 

many data as possible from more than 

one lot of metal in a form as nearly as 
possible like the one that will be used 
in service. The ASME-ASTM Joint 

Committee on the Effect of Tempera- 

ture on the Properties of Metals has 

issued several reports of correlated data 

of this type ‘(ASTM Spec Pub 100, 124, 

151 and 160) and is continuing to ac- 

cumulate such data for future publica- 

tion. Several firms that manufacture 
alloys publish statistical test data for 
their products, showing the normal 
scatter to be expected in properties 
The procedure used by the Ferrous 

Section of the ASME Boiler Code Sub- 

committee on Allowable Stresses as a 

basis for their allowable stress tables 

was recently published in Section I of 
the Code for Power Boilers and Section 

VIII of the Code for Unfired Pressure 

Vessels. The subcommittee established 

design criteria for equipment that op- 

erates under the ASME Boiler Code: 

1 The allowable stress was restricted to 
', of the tensile strength, or 62.5% of 
the yield strength for 0.2% offset up to 
the temperature where creep and rup- 
ture strengths become lower 


2 In the temperature range where creep 
govern performance, the maximum 
allowable stress for unfired pressure 
vessels was restricted to 100% of the 
creep strength for 0.01 per 1000 hr 
or 100 of the 100,000-hr rupture 


strength, whichever is lower. For the 
Power Boiler Code, the maximum 
stress was restricted to 100% of the 
creep strength for 0.01% per 1000 hr, 
or 60% of the average 100,000-hr rup- 
ture strength and should not exceed 
80 of the lowest reported 100,000-hr 
rupture strength 

The available data for steels under 
applicable specifications were reviewed 
and conservative average values estab- 
lished. Most of these data have since 
been published in the four ASTM pub- 
lications mentioned earlier. Curves of 
the tensile, yield, creep and rupture 
strengths were plotted to define the 
governing strength values as functions 
of temperature. Fig. 11 is an example 
of this treatment of data for 18-8 


stainless steel 
4 Figure 11 illustrates another principle 
in that there was a wide difference 


between yield strength and the tensile, 
creep, and rupture strengths for 18-8 
stainless steel up to quite high tem- 
peratures because of the low yield 
strength. For applications where yield- 
ing is not serious and where severe 
stress concentrations are not antici- 
pated, it was considered safe to design 
up to '4 of the tensile strength as long 
as this stress did not exceed 90’ of 
the yield strength or the applicable 
creep and rupture strength limitations 
5 For nonferrous metals, different cri- 
teria are used for unfired vessels 
In many service conditions the 
amount of deformation is not critical 
and relatively high fractions of the 
rupture strength can be used in design. 
Under such conditions with the com- 
bined uncertainties of actual stress, 
temperature and strength, it may be 
important that failure should not oc- 
cur without warning. In such instances, 
it is necessary that the metal retain 
high elongation and reduction of area 
throughout the service life. Many ap- 
plications of tubing under high pressure 
in the oil and chemical industries re- 
quire high, long-time ductility, so that 
warning of impending rupture will be 
evident from bulging of the tubes 
Elongation and reduction of area 
values from rupture tests are used in 


judging the ability of metal to adjust 
to stress concentration. The require- 
ments are not well defined and are con- 
troversial. Most engineers are reluc- 
tant to use alloys when elongations are 
less than 5%, with the limit sometimes 
considerably higher. Low ductility in 
the rupture test almost always indicates 
high resistance to relaxation of stress 
by creep, with consequent probable sen- 
sitivity to stress concentrations. Large 
changes in elongation with increasing 
fracture time are also positive indi- 
cators of extensive structural changes 
in the metal or of surface corrosion. 


Relaxation Tests 


Relaxation tests measure the rate at 
which the stress that is present in a 
part is reduced as elastic strain is re- 
placed with plastic (creep) strain. The 
decrease in elastic strain is equal to or 
less than the increase in plastic strain. 
If the stressed member is not rigidly 
fixed in length so that the creep strain 
replaces elastic strain over a longer 
length than the heated portion in 
which creep occurs, an “elastic follow- 
up” will maintain the stress at a higher 
level than if the stressed member were 
rigidly fixed. When a flange has con- 
siderable elastic deformation and is so 
cold that relaxation does not occur or 
when only a part of the length of a bolt 
is hot enough to creep, the higher level 
of stress will prevail. Tests are con- 
ducted under both conditions so that 
the data can approximate conditions 
ranging from ideal relaxation to the 
infinite elastic follow-up of the con- 
stant-load creep test. 

Most tests are made without elastic 
follow-up (fixed total strain). Figure 
12 shows a family of relaxation curves 
for this condition from tests in a unit 
where the stress was adjusted contin- 
uously to maintain fixed total strain. 
Data have been published for units in- 
volving various stepwise adjustments 
of stress. Sometimes, the steps are made 
quite large and the residual stress-time 
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relationships are computed from the 
creep data for the individual steps. The 
basic data in all tests, with or without 
elastic follow-up, are the relations be- 
tween time and residual stress 

Tests may be quite short in duration 
for data useful in estimating conditions 
for thermal stress relief. Longer tests 
are run to obtain data for bolting, 
shrink fits, and similar applications, 
although most testing is limited to 1000 
to 2000 hr. Relaxation data are extrap- 
olated mainly by empirical methods 
involving graphical constructions. Both 
log-log and semi-log extrapolations are 
used. For structurally unstable metal, 
neither may work well 

Relaxation test data are probably 
most useful for evaluating relative re- 
laxation strengths of metals. Appropri- 
ate consideration of elastic follow-up, 
together with relaxation in threads and 
gaskets, can be used in the design of 
bolts and other parts that operate un- 
der conditions of relaxation. Although 
the use is not widespread, relaxation 
characteristics can be helpful in estab- 
lishing the most effective thermal stress 
relieving treatments 

The most difficult problem in the use 
of creep-rupture data involves knowing 
the actual service conditions so that the 
data can be applied efficiently. Seldom 
are the temperatures and loads accu- 
rately known, steady and uniform 
Stress gradients are frequently present, 
as in a vessel under internal pressure 
with an initial maximum elastic stress 
at the inner wall surface. If relaxation 
strengths are low and the wall thick- 
ness not too great, the stress gradient is 
rapidly removed and the average stress 
can be applied to creep data. This as- 
sumption is included in many formulas 
for obtaining stresses in pressure ves- 
sels. However, if creep resistance is high 
and relaxation of stresses to a uniform 
distribution is slow or is not attained, 
the controlling stress is higher than the 
average, and design should be based on 
a higher stress than the average 

Combinations of stress and tempera- 
ture gradients lead to critical sections 
where creep is at a maximum. In a gas 
turbine blade, for example, the load 
from centrifugal force increases from 
the tip to a maximum at the root in the 
presence of a temperature gradient 
along the length. Analysis of the inter- 
relation of the two will establish a point 
along the length where creep will be 
concentrated and control the design 
and choice of metal. In such applica- 
tions, 1% over-all creep may come from 
a localized creep of 10% over a rela- 
tively short segment of the hot part 


Rupture Testing of 
Notched Specimens 


Notched specimens are being used to 
an increasing extent in rupture testing 
as an aid in the selection of alloys and 
the establishment of proper heat treat- 
ments for service where stress concen- 
trations may be present. The most com- 
mon practice is to use a circumferen- 
tial 60-deg V-notch in round specimens 
with a cross-sectional area at the base 
of the notch one-half that of the 
straight section. The root radius at the 
bottom of the notch is carefully ma- 
chined or ground because it can have a 
pronounced effect on the results of 
tests through its influence on stress- 
concentration factors. Other forms of 
notch and specimen are sometimes used 
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Test results have been reported rang- 
ing from increases in life in comparison 
with unnotched specimens, through no 
effect, to reduced life (Pig. 13). Certain 
alloys and test conditions show in- 
creased life at high nominal stresses 
(short rupture times) and reduced life 
at lower nominal stresses (longer rup- 
ture times) resulting in the stress-rup- 
ture time curve for the notched speci- 
mens crossing the curve for unnotched 
specimens as the nominal stress is re- 
duced. Still lower stresses may show 
recovery from notch sensitivity at still 
longer times for rupture, as occurred 
in the tests of Pig. 13. These results are 
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found for simple, constant-load ten- 
sion tests in which the nominal stress 
is computed by dividing the load by 
the minimum cross-sectional area at the 
base of the notch. When increased 
rupture time is observed in the pres- 
ence of a notch, the alloy is said to be 
notch insensitive (notch strengthened), 
and notch sensitive (notch weakened) 
when rupture time is reduced 

A given alloy may show notch weak- 
ening at some temperatures and notch 
strengthening at others. In general, 
notch weakening appears to increase 
as the test temperature is reduced. 
Changes in heat treatment of some 
alloys may alter the notch sensitivity 
drastically. The notch configuration 
itself can have a profound effect on the 
test results, particularly in notch-weak- 
ened alloys 

The influence of the notch configura- 
tion appears to be a fairly complex 
matter, Most studies of this factor pre- 
sent the results in terms of the elastic 
stress concentration factor. The ratio 
of rupture strength of notched to un- 
notched specimens for ductile metals 
usually increases to some maximum as 
the stress concentration factor is in- 
creased. For very insensitive alloys 
there may be little further change. 
Metals that are more notch-sensitive 
may undergo a reduction in ratio as 
the notch sharpness (stress-concentra- 
tion factor) is increased beyond the 
maximum and may show notch weak- 
ening for sharper notches. Very notch- 
sensitive alloys may undergo little or 
no notch strengthening, even for very 
blunt notches (low stress-concentra- 
tion factor), and undergo progressive 
weakening as notch sharpness increases. 

Stress-concentration conditions de- 
pend greatly on the notch configura- 
tion and, for the notch conditions ordi- 
narily used, particularly the radius at 
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the root of the notch. The minimum 
root radius that can be machined accu- 
rately is about 0.005 in. The conditions 
of machining the notch can influence 
test results to a marked extent, partic- 
ularly for notch-sensitive materials. 
Control of machining procedures in 
addition to dimensional control is 
therefore necessary to obtain repro- 
ducible data and agreement among 
laboratories. Both residual stresses 
from machining and structural altera- 
tion of the metal directly under the 
notch could be involved. For speci- 
mens of many metals, turning results 
in longer life than careful grinding. It 
seems necessary to strive for a clean 
cutting action with a minimum depth 
of disturbance of the metal 

Stress analyses show that rather high 
stress concentrations occur at the base 
of a notch. If yielding occurs during 
loading, the stress is redistributed more 
uniformly across the section and the 
stress concentration at the base of the 
notch is reduced. Under creep condi- 
tions, reduction of stress concentration 
can occur after a load has been ap- 
plied, through redistribution of stress 
by relaxation from creep. Either or 
both mechanisms reduce the differ- 
ences that arise between principal 
stresses as a result of triaxiality intro- 
duced by the circumfervntial notch. 

The effective stress causing creep 
under complex stresses seems to depend 
on differences between principal stresses 
(maximum shear strain energy theory). 
If the stress redistribution proceeds 
sufficiently, the effective stress can be 
less than the nominal stress, and rup- 
ture life can be prolonged beyond that 
of an unnotched specimen under the 
same stress. If yielding does not occur 
during loading and the resistance to 
the stress relaxation by creep is high 
enough, a high level of stress is main- 
tained at the base of the notch long 
enough to reduce life in a rupture test 

For notch strengthening to occur, the 
metal must be ductile enough to permit 
the plastic deformation necessary to 
relieve the stress concentration. For 
this reason, elongation and reduction 
of area for unnotched specimens have 
received considerable attention. Alloys 
of low ductility are likely to be notch 
sensitive. Apparently the only correla- 
tion is notch weakening for less than 
2% ductility and notch strengthening 
for more than 12%. Many metals show 
notch weakening for less than 5% elon- 
gation in creep-rupture tests of smooth 
specimens 

The complexity of yielding, relaxa- 
tion from creep, metallurgical change, 
and degree of stress concentration in- 
dicates that ductility alone would not be 
expected to correlate perfectly. Abnor- 
mally rapid decreases in ductility with 
time for rupture are often associated 
with the appearance of notch sensitiv- 
ity with increased rupture time. In- 
creases in ductility with increased rup- 
ture time have been reported to be 
associated with recovery from notch 
sensitivity, but there may be other 
causes 

The application of data from rupture 
tests of notched specimens is at present 
in the developmental stage. When pos- 
sible, tests should be conducted with a 
stress system and concentration ap- 
proaching those expected in service. 
For instance, metals for gas-turbine 
buckets and disks are frequently evalu- 
ated with notches approximating those 


introduced by the blade-fastening ser- 
rations. The widest use involves com- 
parison of alloys under certain stress 
concentrations rather than direct ap- 
plication to service conditions where it 
is difficult to estimate existing stress 
conditions. Notched specimens have 
been used in acceptance testing of indi- 
vidual alloys subject to variation in 
notch sensitivity with the conditions of 
manufacturing and heat treatment. 


Intermittent (Slow) Load and 
Temperature Cycling 


Some uncertainty arises in the use of 
conventional constant-temperature, 
constant-load creep and rupture data 
in the design of structural parts involv- 
ing occasional interruption or slow cy- 
cling of load and temperature. While 
the effect of periodic interruption of 
load and temperature may be investi- 
gated experimentally and compared 
with corresponding static-creep data, it 
would be impracticable to duplicate all 
the variations and sequences of load 
and temperature cycles that might be 
encountered in actual service. Thus 
various attempts have been made to es- 
tablish trends and generalizations that 
might be used as a guide in applying 
available static-creep and rupture data 
to conditions of intermittent load and 
temperature. A number of experimental 
methods and test results have been 
summarized in a recent ASTM sympo- 
sium (ASTM Spec Pub 165, 1954) 

Most structural metals that are ulti- 
mately selected for high-temperature 
applications are chosen because of rela- 
tive structural stability in the specified 
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temperature range. Some alloys, how- 
ever, are structurally unstable or be- 
come so beyond a narrow range of serv- 
ice temperature. The response of these 
to cyclic effects is important 

Several factors contribute to the 
creep behavior of an alloy subjected to 
intermittent load at constant tempera- 
ture or intermittent temperature at 
constant load. Even in the “slow” range 
of temperature and stress cycling, the 
relative rates of change are still impor- 
tant, and the more rapid changes are 
more effective in causing deviations in 
behavior. Stress relief, recovery, or 
even recrystallization may occur during 
the load-off heat-on portion of a cycle, 
thereby contributing to accelerated 
creep during the subsequent load-on 
period. 

On the other hand, some alloys show 
actual recovery of creep strain during 
the load-off part of the cycle, resulting 
in a net retarding of creep relative to 
constant-load conditions. In 248-T3 
precipitation-hardened aluminum, over- 
aging occurs more rapidly at 600 F un- 
der cyclic load than under static load, 
leading to the accelerated deterioration 
of high-temperature strength 

Intermittent changes in temperature 
may accelerate creep where stress, time 
and environmental conditions are such 
as to cause intergranular deterioration. 
Surface notches, acting in conjunction 
with cyclic thermal! stresses, accelerate 
creep-rupture with reduced ductility. 

While there are very large gaps in 
the data and knowledge of the effects 
of cyclic temperature and stress, there 
is evidence that the effects are more 
severe when occurring in the first stage 
of creep and at higher temperatures. 
Data suggest that for several alloys the 
effects of temperature and stress cycles 
are additive. Over-temperature and 
over-stress cause more damage than 
cycles involving decreases in tempera- 
ture and stress 

In view of the various effects that 
might contribute either to the accelera- 
tion or deceleration of creep under in- 
termittent conditions of load and tem- 
perature, it would appear preferable to 
establish typical behaviors for various 
alloy systems. Table I summarizes the 
effect of intermittent load and temper- 
ature on the creep and rupture proper- 
ties of several alloys in sheet form. 


Temperature, 
Alloy deg Fahr 


Type 321 stainless 


1200 


Dynamic Creep and 
Fatigue Properties 


Just as under static loading both creep 
and rupture properties must be consid- 
ered, similarly under cyclic stress load- 
ing both dynamic creep and fatigue 
properties may require attention 

A representative stress range diagram 
for dynamic creep and rupture is shown 
in Fig. 14. This diagram shows the 
combinations of mean stress and alter- 
nating stress that lead to rupture, to 
05% creep, and to 0.2% creep in either 
1 or 50 hr. Also shown for later refer- 
ence are a series of radial lines from 
the origin to indicate where the alter- 
nating stress is 0, 25, 50, 75, 100, and 
150% of the mean stress (or static pre- 
load). The horizontal abscissa line cor- 
responds to static loading (zero alter- 
nating stress), and the curve values 
along this line give the creep-rupture 
strength and the stress for the specified 
creep. The vertical ordinate line cor- 
responds to reversed stress conditions 
(zero mean stress), and the curve val- 
ues along this line give the reversed- 
stress fatigue strength. In between 
these two limits, both static and fatigue 
conditions are active and both must be 
considered as factors in the behavior 
of metal. This type of diagram is in- 
tended to indicate the relative impor- 
tance of dynamic creep and of rupture 
at various stress combinations 

Under reversed-stress loading, the 
tensile creep during the tensile portion 
of the stress cycle is ordinarily about 
equal to the compressive creep during 
the compressive stress portion, with a 
net effect per cycle of zero. Therefore, 
very high reversed stress can generally 
be imposed without excessive dynamic 
creep; in fact, the creep curves in Pig. 
14 lie above the rupture curves and ap- 
proach the ordinate axis as a vertical 
asymptote. The portions of the creep 
curves that lie above the rupture curve 
are, of course, quite meaningless, since 
rupture will occur before the specified 
creep is reached. At low ratios of alter- 
nating stress to mean stress (see 0.25 
radial line, for example), combinations 
of stress significantly below those re- 
quired for rupture may produce signifi- 
cant dynamic creep. Thus, fatigue fail- 
ure generally determines allowable 


Table I. Effect of Intermittent Load and Intermittent Temperature Relative to Constant Load and Temperature on the 
Creep and Rupture Properties of Sheet Alloys’ 


Intermittent Load 
~at Constant Temperature 


Total Deformation Rupture 


Accelerated Accelerated 


Total Deformation 


stress at high stress ratios, whereas dy- 
namic creep becomes a design consid- 
eration for low ratios of alternating-to- 


mean stress. The ratio at which the 
dynamic creep and rupture lines inter- 
sect (below this intersection dynamic 
creep governs and above it rupture gov- 
erns) depends on several variables in- 
cluding testing temperature, metal and 
the magnitude of creep allowed, as 
shown in Pig. 14 

Another feature of the dynamic creep 
and rupture curves at low ratios of al- 
ternating stress to mean stress is that 
they are generally close to vertical. This 
means that the superposition of a rela- 
tively small percentage of alternating 
stress does not greatly affect the allow- 
able mean stress for a given rupture or 
creep life. Although this generalization 
appears to hold for smooth specimens 
of a variety of heat-resistant alloys, as 
well as the aluminum alloy shown in 
Pig. 14, different observations have been 
made of notched specimens. If stress 
raisers are present, a relatively small 
percentage of alternating stress may 
decrease the allowable mean stress 

Although the data shown in Pig. 14 
are for relatively short times, the gen- 
eral pattern of behavior shown is also 
representative of long-time properties 
The frequency of cyclic stress may be 
an important variable in determining 
the relative importance of dynamic 
creep and rupture in a given applica- 
tion. Work done on frequency effects 
has not been sufficient to permit gen- 
eralizations at this time. 


Compression, Shear, Bending, 
Bearing and Multiaxial Loading 


Most of the creep data available have 
been determined under loading condi- 
tions of simple uniaxial tension. How- 
ever, a number of structural parts, ex- 
posed in service to conditions for high- 
temperature deformation, are subjected 
to various forms of stress such as bend- 
ing, shear, bearing, and compression, as 
well as multiaxial combinations thereof. 
For lack of actual creep data, engi- 
neers have designed such high-temper- 
ature members as piping, beams, col- 
umns, and riveted joints primarily on 
the basis of tension-creep properties 

Compression-creep testing of both bar 


Intermittent Temperature 
Constant Load ‘ 
Rupture 


at 


Accelerated Accelerated 


steel, annealed 1350 Accelerated - Accelerated - Accelerated Accelerated 
short time short time 
1350 No effect - long time Delayed long time 
N-155 alloy 1350 Delayed Accelerated No effect Accelerated 
1500 No effect No effect Accelerated 
Inconel X, aged 1350 and 1500 No effect No effect Slightly accelerated Accelerated 
24S-T3 aluminum 300 ‘ Accelerated No effect No effect 
450 Accelerated Accelerated No effect No effect 
600 Accelerated Accelerated Accelerated Accelerated 
AZ31B-H magnesium 300 No effect Delayed Slightly accelerated Slightly accelerated 
450 Slightly accelerated Delayed Slightly accelerated Slightly accelerated 
Titanium, 700 Accelerated Accelerated . 
70,000 psi YS 800 No effect No effect No effect No effect 
Titanium, 700 Delayed Delayed No effect No effect 
110,000 psi YS 800 Delayed Delayed No effect No effect 
4130 steel, 800 No effect No effect No effect No effect 
normalized 1000 Slightly delayed Accelerated Slightly delayed Slightly delayed 
(a) Comparisons of static versus cyclic creep and rupture made after correcting the total elapsed time for the actual time at 


load or temperature 
15% in stress 
1 hr, off 1 hr 


“Accelerated” or “Delayed” refers to a difference of approximately 50 to 100° 
“Slightly accelerated” refers to a difference of approximately 0 to 50” 
(c) At temperature 1 hr, cooled 1 hr 


in time or 0 to 5’ 


in time or a difference of 5 to 
in stress. (b) Load on 
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and sheet material has been stimulated 
recently by the buckling problem en- 
countered in heated structural parts of 
high-speed aircraft. For a variety of 
sheet alloys including 248-T3 alumi- 
num, titanium, 4130 steel, and type 321 
stainless steel, almost identical creep 
behavior in tension and compression 
has been observed in the longitudinal 
direction of the sheets. In some alloy 
bars, worked preferentially in the lon- 
gitudinal direction, creep in compres- 
sion has been observed to be more rapid 
than in tension. The metal-ceramic 
materials have displayed compression- 
creep strengths three to four times as 
great as those in tension. Undoubtedly, 
behavior of such materials in tension is 
governed by the metal binder, while 
compressive strength is controlled by 
the mutual supporting action of the 
hard intermetallic particles 

Few data on creep in torsion exist, 
although testing techniques have been 
investigated (F. L. Everett, Trans 
ASME, 53, APM 53-10, 1931). From thie 
more practical standpoint of correlat- 
ing riveted-joint failures under high- 
temperature shear loading with tensile 
stress-rupture properties, data of the 
type in Table II have been obtained. 
These are results from the same alloy 
tested both in tension in the conven- 
tional manner and as a shear pin in a 
simple shear blade and clevis holder. 

Results from creep-rupture tests of 
bearing loads in sheet metal also have 
been obtained at elevated temperatures 
and correlated with tension for guid- 
ance in design. The results presented 
in Table III represent the ratio of 
stresses for rupture obtained from the 
same sheet alloys subjected both to 
bearing loads and tension. 

From the few creep studies made in 
bending, several procedures have been 
suggested for calculating the deflections 
and stress distributions in beams from 
tension data by assuming that the indi- 
vidual fibers creep in bending as in 
metal loaded only in tension or com- 
pression (E. A. Davis, Trans ASME, 60, 
A-29, 1938). ‘These calculations are 
based on experimental demonstration 
that plane sections remain plane after 
creep in bending (G. M. McCullough, 
Trans ASME, 55, APM-55-9, 1933). 

The problem of creep in members 
subjected to conditions of multiaxial 
loading has been investigated experi- 
mentally with the main objective of 
establishing procedures for relating 
creep behavior in tension to that asso- 
ciated with the principal stresses of 
more complex loading. A representative 


analysis of this type is that of the modi- 
fied St. Venant theory whereby formulas 
are derived for creep rates in the direc- 
tions of principal stresses (J. Marin, 
“Mechanical Properties of Materials 
and Design”, McGraw-Hill, 1942). Pair 
confirmation of this analysis has been 
obtained over limited ranges of temper- 
atures and stresses. 

In view of the several idealized condi- 
tions, such as isotropy and homogene- 
ity of material, which must be postu- 
lated in stress-analysis procedures, con- 
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Fig. 14. Stress Combinations for 0.2 
and 05% Creep and Rupture for 
248-T4 Aluminum at 500 F. Cycle 
stress applied 3600 times per min 


siderable caution should be used in cor- 
relating tension creep behavior with 
creep resulting from other forms of 
loading in metals that have not been 
investigated experimentally under the 
stress conditions of interest. 


Effect of Test Atmosphere 


The role of corrosive and otherwise 
reactive gases in the atmosphere is an 
important one in determining the creep 
behavior of most metals and alloys. 
Oxidation, which is probably the best 
understood of this class of effects, has 
been studied in greatest detail and its 
large and important effects are well 
known. 

Since one of the purposes of creep 
testing is to evaluate metals under con- 
ditions of atmosphere similar to serv- 
ice conditions, the effects of oxygen, ni- 
trogen, water vapor, carbon dioxide, 


Table I. Ratios of Stresses for Shear Versus Tensile Creep-Rupture 


Temperature 


Range, 
Alloy deg Fahr 
248-T3 300 to 600 
Al7S8-T4 300 to 600 
Monel : 1000 to 1200 
301 stainless ...... 1200 to 1350 


Temperature 


Range, 
Alloy deg Fahr 
300 to 600 
Titanium’ ....... 700 to 800 
4130 steel'") 800 to 1100 
321 stainiess ..... 1200 to 1350 


Table III. Ratios of Stresses for Bearing Versus Tensile Creep Rupture’ 


Range of Ratio of 
Rupture Shear Stress to 
Time, hr Tensile Stress 
10 to 200 0.43 to 0.62 
10 to 200 0.55 to 0.69 
10 to 200 0.63 to 0.72 
10 to 200 


0.68 to 0.74 


Range of Ratio of 


Rupture Bearing Stress to 
Time, hr Tensile Stress 
10 to 200 1.50 to 1.61 
10 to 200 1.62 to 1.76 
10 to 200 1.67 to 1.77 
10 to 200 1.66 to 1.96 


(a) Bearing tests conducted with ‘',-in. hole diameter and ratio of edge distance 
to diameter of 1.5. (b) 110,000 psi min design yield strength. (c) Normalized 
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sulfurous gases, ammonia, carbon mon- 
oxide and hydrocarbon reducing gases 
are all important. The effects of leaded 
fuels on metals and of attack by mol- 
ten vanadium oxide and molybdenum 
oxide “slags” are also of interest. 

Specific metals and alloys are more 
resistant to certain of the reactive at- 
mospheric phases, but even these are 
frequently subject to a combination of 
damaging effects. Thus high-nickel or 
nickel-base alloys are damaged more 
severely by sulfur than are iron or iron- 
chromium alloys. They are, however, 
more resistant to corrosion by vana- 
dium oil ash and to carburizing at- 
mospheres than are iron and iron- 
chromium alloys. 

The effects of intergranular attack 
are always more severe than those of 
general surface reaction. This is espe- 
cially true since most alloys are subject 
to intergranular fracture as the normal 
fracture mechanism in high-tempera- 
ture creep; the effect is accentuated by 
any other intergranular process. 

The size of the test specimen be- 
comes important when contemplating a 
corrosive atmosphere, since specimens 
of smaller diameter are damaged more 
for a given amount of surface attack or 
intergranular penetration. 

Whereas most atmospheric effects re- 
sult in poorer creep performance, there 
are instances where benefits are at- 
tained. For example, some of the stain- 
less steels show better properties in ox- 
idizing atmospheres than in inert or re- 
ducing atmospheres, and titanium alloys 
increase in strength and creep resist- 
ance above about 1200 F, because of 
oxygen absorbed from the atmosphere 

The obvious answer to the problem 
of atmospheric effects in creep is to test 
specimens of cross section as nearly 
representative as possible in the atmos- 
phere of the application if a consid- 
erable effect is anticipated. 


Holding Time, Aging, 
Stabilization 


Because of instabilities caused by car- 
bide precipitation, oxidation, aging and 
other structural changes, it is impor- 
tant in creep testing to consider 
changes that might occur if specimens 
are held at temperature for significant- 
ly different periods of time before 
applying the load 

An assessment should be made of 
available equipment to determine a 
convenient minimum time necessary to 
charge a specimen into a creep furnace, 
adjust temperature and Joad. A figure 
somewhat in excess of this minimum 
value should then be utilized as the 
standard time for test preparation 
Most stable alloys that are pre-aged or 
heat treated to produce a stable struc- 
ture are not affected adversely by the 
atmosphere. However, the influence of 
the atmosphere would be significant for 
a@ program of creep tests from 1350 to 
1700 F on an alloy such as one of the 
nickel-base alloys hardened by titanium 
plus aluminum, which overages rapidly 
above about 1500 F; a difference in fur- 
nace holding time at 1600 F of 1 hr ver- 
sus 16 hr makes a great difference in 
the creep-rupture data. 

In general, alloys intended for long- 
time creep testing will not be seriously 
affected by the length of the holding 
time, but for tests lasting less than 
about 100 to 500 hr, the effect can be 
significant. 
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RADIOGRAPHY is a method of 
nondestructive inspection that produces 
a shadow image of the exterior and 
interior of an object by means of varia- 
tions in absorption in the object of pen- 
etrating radiation from a radiation 
source, and the registration of the 
varying intensities on an image-detect- 
ing medium 

Generally, discontinuities which pre- 
sent to the axis of radiation a dimen- 
sion of from to 2% of the thickness 
of the object under examination will be 
detected, provided that acceptable ge- 
ometry, source size, radiation energy 
and intensity, image detectors and 
processing conditions are employed 

The severity or rigor of a radio- 
graphic examination is expressed in 
terms of the visibility of a test object 
called a penetrameter. Penetrameter 
visibility, hence radiographic sensitivi- 
ty, is expressed as the smallest thick- 
ness of metal that can be detected, as a 
percentage of the total thickness being 
examined. Smaller percentages repre- 
sent greater sensitivity 

For a discussion of the basis for 
selecting radiography and other meth- 
ods of nondestructive inspection, the 
reader may refer to the article on 
pages 159 to 163 of the 1954 Supplement 
of the Metals Handbook 


Radiographic Systems 


A radiographic system consists of 
two components—a source of radiation 
and a detecting medium or device that 
can provide a graphic representation of 
the internal details of a metal part. 
The source of radiation is either an 
x-ray machine or a radioactive source, 
natural or artificial, such as radium, 
cobalt-60 or iridium-192. X-ray film, 
which is especially sensitive to x-rays 
or gamma radiation, is the most com- 
mon medium for recording images. 

Fluoroscopic screens reveal instan- 
taneous images by converting x-radia- 
tion into visible light. The screen can 
be observed by the interpreter or can 
be photographed for a permanent 
record that can be examined more 
leisurely. The latter technique is known 
as photofiuorography. 


Application of Systems 


Various arrangements of compo- 
nents give rise to the following uses for 
radiographic systems 

Transmission Radiography. The radi- 


ation penetrates the object before 
reaching the image detection medium 
(film or screen). The image, a geo- 


metrical projection of the object, shows 
the external and internal details by 
difference in the amounts of radiation 
transmitted. The limit of visualization 


is influenced by the differential change 
in transmitted radiation, the sensitivity 
of the detecting medium, its resolving 
power, the geometry of the system, and 
the conditions for viewing the image. 


Radiography of Metals 


By the 


ASM Committee 


Subdivisions 
Radiographic Systems......185 
Selection of X-ray 

Equipment ........... 185 
Selection of Radioactive 

186 
Selection of X-ray Films 187 
Screens ..... 187 


Viewing of Radiographs 1KR 


Fluoroscopic Screens 188 
Limitations on Radio- 
graphic Systems 190 
Safety Requirements 190 
Control of Manufacturing 
Processes 191 


100% Product Inspection 192 
Radiography of Weldments 192 
Radicegraphy of Castings 193 
Radiography for Mainte- 

nance Inspection . 193 
Radiography for Inspection 

of Finished Assemblies 193 
Radiography for Powder 


Metal Parts ........ 194 
Microradiography ..........194 
ASM-SLA S13 


Autoradiography. Here the sample 
being examined is its own source of 
radiation; hence it must be radioactive 
The recording medium (usually film or 
plate) is placed against a smooth sur- 
face; the autoradiation coming from 
within the sample produces a trans- 
mission radiograph of the metal struc- 
ture just below the surface of the sam- 
ple, or of a surface coating 

Reflection Radiography. The object 
is stimulated to give off radiation so as 
to make a synthetic autoradiograph 
Normally, radiation from an x-ray 
machine is passed through a relatively 
insensitive photographic film in con- 
tact with a smooth surface of the 
sample; photoelectrons released from 
the surface of the part constitute the 
image-forming radiation. Since the 
electrons are released in varying in- 
tensity according to the atomic num- 
bers of the elements present, the image 
discloses the nature and distribution of 
the elements at the surface 

Autoradiography and reflection radi- 
ography are not used outside of labo- 
ratories, since they are highly special- 
ized and require unusual techniques 
The remainder of this article is limited 
to transmission radiography 


Arrangements of Components 
of the System 


Panoramic. When several objects are 
arranged in an array around a source 
of radiation and exposed simulta- 
neously, the setup is called panoramic 


on Radiography 


Magnification. Because the radio- 
graphic image is formed by projection, 
it is always magnified at least slightly 
Whenever the radiation source is small 
enough for the image to remain sharp 
the object may be placed some distance 
from the film or screen, near the radi- 
ation source, so that it will be magni- 
fied further. Magnification up to about 
3 diam may be used, enabling easier 
visualization of small details 

Stereoradiography. Stereoscopic ra- 
diographic views can be obtained by 
making two exposures of the object at 
slightly different angular projections; 
the procedure involves shifting the 
radiation source, with respect to object 
and film, by an amount roughly equiv- 
alent in angle to the eye-spacing at the 
intended viewing distance. Special 
viewing equipment is commercially 
available. Successful stereoradiography 
depends on previous experience in the 
reading of film and familiarity with the 
internal and external configurations of 
the object. Lack of either often pre- 
vents visualization in three dimensions 

A specialized variation uses two 
radiographs with an angular shift up 
to 90 deg. Measurements made from 
reference points on the radiographs 
can be used to reconstruct geometri- 
cally the location of an internal defect 


Selection of X-ray Equipment 


The “practical thickness range” of 
various x-ray units for steel is shown 
in Fig. 1, where the upper and lower 
limits represent the practical range for 
an exposure time of 30 min or less, with 
good technique. The range of all these 
units can be extended by special tech- 
niques as explained later. The more 
closely crosshatched bars represent 1° 
sensitivity; the full range shown repre- 
sents 2% obtainable sensitivity 

To define the range of applicability 
of x-ray equipment so that it can be 
used with various metals, it is first 
necessary to consider the “radiographic 
equivalence factors” for these metals 
with reference to steel. These are listed 
for eight common metals in Table I 
For other metals these factors are 
about the same as for metals of similar 
density and atomic number shown in 
Table I. Determining the practical 
thickness that may- be radiographed for 
various metals is lilustrated as follows 
Table I shows the radiographic equiv- 
alence factor of aluminum as 0.24 for 
250 kv. For an x-ray unit of 250 kilo- 
volts peak (kvp), Pig. 1 shows the upper 
practical limit for steel to be 2 in. The 
upper practical limit for aluminum 
would then be 2/024 = 8.5 in. (approx) 

When deciding on the purchase of 
x-ray equipment a unit should be 


Supersedes the article on page 141 
of the 1948 ASM Metals Handbook 
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chosen with upper thickness range ex- 
ceeding that immediately needed, be- 
cause it is generally easier to extend 
the range downward than upward. 
After having narrowed the selection of 
x-ray equipment to perhaps two units 
from a practical thickness range, the 
next item to be considered is cost. 

Cost of Equipment, both initially and 
in maintenance, is shown in Table II. 
This does not include the cost of film, 
protection, darkroom, operating per- 
sonnel or overhead, but establishes only 
the basic cost per year for 10-yr amor- 
tization of the purchase price, plus 
yearly maintenance. 

Maintenance Problems usually vary 
in accordance with the exciting voltage 
of the x-ray unit or with its complexity. 
Maintenance costs are associated with 
x-ray tube replacement (every 600 to 
6000 hr) and repairs to cooling-oil 
pumps, heating circuits, motor-genera- 
tor sets and other auxiliary equipment. 
Approximate costs for various x-ray 
sources are presented in Table II 

Limitations. Some of the limitations 
of x-ray sources are apparent from 
Pig. 1. Other factors that should be 
considered are portability, flexibility, 
source size, and radiation output. In 
general the greatest sensitivities pos- 
sible with x-ray sources range from 2 to 
05%. If the desired sensitivity is 
greater, consideration should be given 
to other methods of inspection. 


Selection of Radioactive 
Sources 


The properties of the radioactive 
sources commonly used for radiography 
are listed in Table III. The energy of 
the gamma-ray sources listed deter- 
mines the radiographic equivalence 
factors for different metals by compari- 
son with x-ray equipment of about the 
same energy as listed in Table I. 

If the energy values in the second 
column of Table III are averaged for a 
given source, the resulting value may 
be used to get an approximate equiva- 
lence factor for the metals listed in Ta- 
ble I. Comparison should be made with 
the closest value of kilovoltage given in 
the column headings of Table I, noting 
that 1000 kv is equal to 1 mev. Such 
comparisons will be somewhat in error 
for some sources of activity because of 
absorption of radiation within § the 
source itself (self absorption). So far 
no radioactive source is available that 
is well suited for examination of the 
light or thin metals 

The more closely crosshatched bars in 
Pig. 2 represent thicknesses of steel on 
which 2% sensitivity or better is obtain- 
able in reasonable time; areas at the 
ends represent poorer sensitivity. 


Table I. Approximate Initial and Maintenance Cost of Basic X-Ray Equipment 


Typical 

Type of Initial 
Equipment Cost 
12,000 
400 kv 16,500 

1 mev 25,000 to 

55,000 
2 mev 00008 100,000 


Another important factor in deter- 
mining the practical thickness ranges 
for the radioactive sources (Fig. 2) is 
the number of roentgens of radiation 
emitted per curie of the various radio- 
active materials. For example, one 
curie of cobalt-60 emits 135 r per hr, 
whereas one curie of cesium-137 emits 
only 0.39 r per hr. Even if the radiations 
had the same energy (and they do not), 
it would require 3’) times as many 
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0 a 6 8 10 12 ‘4 
inches of Steel 
Fig. 1. Approximate Practical Thick- 
ness Ranges of Various X-ray Equip- 
ment for Steel. The more closely 
crosshatched bars represent thick- 
nesses where 1% sensitivity is ob- 
tainable; the more open crosshatch- 
ing at ends of bars represents 2% 
sensitivity. 


curies of cesium as of cobalt to achieve 
the same radiation output or radio- 
graphic exposure time. 

Another factor is “specific activity” 
(the number of atomic nuclei disinte- 
grating per second in a given amount 
of material). Specific activity is usually 
expressed in curies per gram or curies 
per cubic centimeter. In Fig. 2, the 
practical range for steel with cobalt-60 
is from % to 8 in. while radium is 
from % to 5 in., despite the fact that 
the energy of cobalt-60 is 1.17 and 1.33 
mev compared with 0.24 and 2.20 mev 
for radium. This difference in useful 
range is a result of the difference in 
specific activities of the two sources. 
One gram of radium equals one curie 


Table I. Approximate Radiographic Equivalence Factors for Several Metals 
in Relation to Steel 


140 

Metal Density kv 
Aluminum 0.083 
Magnesium Be 0.05 
Steel 10 
Copper BD 18 
Zine 
Brass sd oes 
Lead 113 
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Radiographic Equivalence Factor ———— 


220 250 400 1 2 
kv kv kv mev mev 
0.24 0.24 
0.08 0.08 
10 10 10 10 10 
10 1.0 10 10 10 
14 14 14 
13 13 13 eve 
13 13 12 
11.0 eee 50 25 


Total of 
Average 
Cost per Year Average Initial and 
for 10-Yr Maintenance Maintenance 
Amortization Cost per Year Cost per Year 


$ 650 $ 575 $ 1,225 
1,200 750 1,950 
1,650 1,300 2,950 
2,500 to 6,000 10,000 
5.500 

10,000 7,500 17,500 
9,500 5,000 14,500 


and emits 0.84 rhm (roentgen per hr 
at 1 meter). One gram of cobalt-60 
could equal 20 curies and emit 27 rhm 
or almost 33 times the amount of radi- 
ation emitted by a gram of radium. 
Although radium has higher energy 
than cobalt-60, the physical size would 
have to be much larger to give an 
equivalent “r” output. This would affect 
the quality of the radiograph adversely 
so the upper range of radium has been 
set at 5 in. compared with 8 in. for 
cobalt-60 in examination of steel. 
Enough material should be purchased to 
allow a reasonable exposure time 

Radioactive sources are either un- 
shielded “free sources” or beamed or 
positioned by remote control from a 
shielded position. Only the free sources, 
handled by cords or “magnetic handling 
tools”, are considered here. 

The average activity of sources com- 
monly used, their emission, and a 
recommended maximum source activ- 
ity for normal industrial applications 
are shown in Table IV. The maximum 
source activity that might be safely 
employed under special conditions is, 
of course, determined by the length of 


| TT TT] 

Cobalt -60 if | ] 

inches of Stee 


Fig. 2. Approrimate Practical Thick- 

ness Ranges of Radioactive Sources 

for Steel. The central, closely cross- 

hatched areas represent 2% sensitiv- 

ity or better; the areas at the ends 

represent poorer sensitivity in the 
practical range. 


time during which personnel are ex- 
posed during the radiographic opera- 
tion, the distance of personnel from 
the source, and the frequency with 
which the operation is repeated. All 
such operations should be subject to 
monitoring by personnel qualified in 
radiation safety. Cost of sources is 
evaluated in Table V 

Limitations of radioactive sources are 
somewhat different from those of their 
x-ray counterparts. While exposure 
times are generally longer for radio- 
active sources, panoramic setups can 
be arranged for overnight exposures to 
counteract this deficiency partially. 
Usually radioactive sources supplement 
x-ray equipment; each will have appli- 
cations for which it is suited better than 
the other. The radiation quality (ener- 
gy) of radioactive sources is fixed and 
cannot be controlled as with x-ray 
equipment. Radioactive sources are not 
recommended for the inspection of thin 
sections or light alloys 
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An important factor in deciding be- 
tween x-ray equipment and radioactive 
sources is whether the metal piece will 
lend itself to positioning in relation to 
X-ray equipment or whether a small 
radioactive source could be positioned 
more readily. The production load, or 
number of exposures per day, is also 
an important factor. 


Selection of X-ray Films 

Various types of x-ray films are com- 
mercially available, differing in speed, 
contrast and graininess. The success 
of a radiographic examination depends 
in large part on the type of film used. 
In general, the higher-contrast, lower- 
graininess films are slower but produce 
images of better quality. 

The characteristic curves of two 
typical films are shown in Fig. 3, in 


Fig. 3. Characteristic Curves of Two 


Typical Industrial X-ray Films. 

Photographic density versus loga- 

rithm of relative erposure to x-rays 
or gamma rays 


which photographic density is plotted 
against logarithm of relative exposure 
to X-rays or gamma rays. Photographic 
density is defined as log /,/J, where 
1, is the intensity of the light incident 
on a film, and 7 is the intensity of the 
light transmitted. For a particular film, 
the shape of the characteristic curve is 
essentially independent of the x-ray or 
gamma-ray source used, but does de- 
pend on processing variables. 

The slope of the curves of Fig. 3 
changes continuously along the whole 
length of the curve, which in turn 
affects visibility of detail in the radio- 
graph. For example, two slightly dif- 
ferent thicknesses in the object radio- 
graphed will transmit slightly dif- 
ferent exposures to the film. The ratio 
of these two exposures will be constant 
as long as the quality of radiation 
remains the same, and will be inde- 
pendent of the absolute values of ex- 
posure time and intensity of radiation. 
Therefore, the exposures will have a 
certain small and constant interval 
between them, equal to log E (loga- 
rithm of relative exposure). 

The difference in density of the two 
exposures will depend on just where 
they fall on the characteristic curve; 
the steeper the slope of the curve, the 
greater this difference in density will 
be. Thus, with film X the greatest visi- 
bility of detail will be obtained by 
exposing to as high a density as can 
be allowed by conditions under which 
the radiographs are to be viewed. Other 
requirements, such as radiographic 
speed, might dictate the use of film Y, 
having maximum radiographic contrast 
at an intermediate density. 

The selection of a film for the radi- 
ography of any particular part depends 
on the thickness and material of the 


ASM Committee on Radiography 


C. H. Hastincs, Chairman 
Chief, Nondestructive Testing Branch 
Watertown Arsenal 


James M. Baker 
Boeing Airplane Co 


Louis CAMERON 
Chief Radiographer 
Thompson Aircraft Products Co 


Georce M. Corney 
Research Laboratories 
Eastman Kodak Co. 


A. F. Cota 
Process Equipment Div. 
A. O. Smith Corp. 


Giteert R. Forrer 
Babcock & Wilcox Co. 


B. Jenni 
Chief Metallurgist 
General Steel Castings Corp. 


Don M. McCurcneron 
Consultant in Eng’g Physics 


Norman C. MILLER 
Los Alamos Scientific Laboratory 


A. L. Pace 
X-Ray Dept. 
General Electric Co. 


R. MERRILL PETERSON 
Process Engineer 
Pomona Div. 
Convair 


L. E. Smirn 
Manufacturing Research Dept. 
International Harvester Co 


M. Tucker 
Chief Radiographer 
Aluminum Co. of America 


specimen, and the radiation available. 
Also, the choice is influenced by the 
relative importance of high radiograph- 
ic sensitivity or short exposure time. 
The diagram in Pig. 4 shows the films 


that usually prove satisfactory for 
certain classes of work. (The shaded 
areas, rather than the lines dividing 


them, should be considered.) An at- 


Table 


tempt has been made to balance the 
two opposing factors of high quality 


and short exposure time. It is impos- 
sible, however, to present definite rules 
on the selection of a film. If high qual- 
ity is the deciding factor, a slower, and 
hence finer-grain film should be sub- 
stituted for the one recommended. If 
short exposure times are essential, a 
faster film should be used rather than 
the one indicated in Pig. 4 

A process that produces a dry radio- 
graph on paper rapidly is an adapta- 
tion from the photographic field. 
Packets of this paper are exposed and 
self-developed in a special cassette and 
developing unit. The image is viewed 
by reflection, has a narrow range of 
density, and is therefore considerably 
restricted in application. The practical 
advantages and disadvantages are 
obvious. The cost per sheet of paper is 
about four times the cost of a sheet 
of x-ray film at present (July 1955). 


Screens 


When an x-ray beam strikes a film, 
usually less than 1% of the x-ray 
energy is absorbed, and only energy 
absorbed in the film will produce a 
photographic effect. Obviously, any 
means of utilizing the unabsorbed part 
of the energy more fully, without com- 
plicating the technical procedure, is 
highly desirable. Two types of radio- 
graphic screens are used to do this 

Lead Foil Screens. Lead foil in inti- 
mate contact with both sides of the 
film during exposure improves the 
quality of the radiograph by reducing 
the effect of scattered radiation 

Lead foil screens permit a reduction 
in exposure time for steel thicker than 
about 0.25 in. and kilovoltages higher 
than about 130. In all such exposures 
the use of lead foil screens is recom- 
mended, Because they can improve the 
quality of the radiograph, lead foil 
screens may be used sometimes where 
they increase exposure time 

With gamma rays and with 
below 2 mev, lead screen 
are commonly 0.005 in. in front of the 
film and 0.010 in. behind. The choice 
of screen thickness for use with beta- 
tron radiation is much more compli- 
cated; manufacturers or users of the 
equipment should be consulted for 
recommendations. 

Lead foil for screens must be selected 
carefully, and the use of commercially 


x-rays 
thicknesses 


Radioactive Sources Commonly Used for Radiography 


Gamma Ray Max Available 
Half Energy of Dosage Rate Specific Activity, 
Radioactive Life, Gamma Rays per Curie curles 
Element yr mev rh per cu em 

Radium 1620 0.24 to 2.20‘) OB Variable 
Cesium-137 37 0.66 0.39 40 
Cobalt-60 5.3 1.17 and 1.23 1.35 180 
Iridium-—192 70 days 0.137 to 0.4651'") 0.55 1100 


(a) Million electron volts 


tion. (c) Eleven principal gammas 
Table Iv. 
Average Source 

Activity 
Source curies 
02 
05 


(b) Roentgens per hour at 1 meter, neglecting seif-absorp- 
(d) Twelve gammas 


Average Source Activity and Maximum Activity for Free Sources 


Maximum Source 


Emission, Activity Emission, 
rhm'‘*? curles rhm‘*) 
0.168 2 168 
0.78 5 1.95 
0 625 15 2.03 
11 4 22 


(a) Roentgens per hour at 1 meter, neglecting self-absorption 
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Table V. Approximate Cost of Radioactive Sources 


Activity, 
curies 


Source 


Radium ry 02 
Cesium-137 ....... 5 
Cobalt-60 05 
Iridium-—192 ‘ 2 


(a) Based on rental. (b) Using 10-yr amortization 


available screens is recommended. If 
screens are to be made by the user, 
lead coated with tin or with any other 
material should be avoided, since ir- 
regularities in the coating will result 
in mottled radiographs. Wrinkles and 
dents in lead screening should also be 
avoided, since they too will lead to 
blemishes in the radiographs. An alloy 
of 6% Sb and 94% Pb has physical 
qualities superior to, and radiographic 
properties equal to, those of pure lead. 
Fluorescent Screens. Fluorescent 
screens consist of a powdered fluores- 
cent material in a suitable binder 
coated on a cardboard or plastic sup- 
port. For exposure, the film is clamped 
firmly between a pair of these screens, 
and the photographic effect on the film 
is mostly that of the light emitted by 
the screens. At energies below 400 kv, 
fluorescent screens permit great reduc- 
tion in the exposure time, compared 
with that necessary with lead foil 
screens. The advantage decreases with 
increasing energy. However, at all en- 
ergies, lead screens give better defini- 
tion compared with that of a radio- 
graph made with fluorescent screens. 
The poorer definition is caused by the 
spreading of the visible light emitted 
from the screens. The light from any 
individual crystal spreads out beyond 
the confines of the original x-ray beam 
that excited the crystal to fluorescence. 
The overlapping of many such minute 
areas blurs outlines in the radiograph. 
Fluorescent intensifying screens are 
used in the radiography of relatively 
thick specimens—-for example, steel 
thicker than 1.5 in. at 200 kv, 3 in. at 400 
kv, or 6 to 8 in, at 1000 kv 
Fluorescent screens should be used 
only when the exposure necessary 
without them would be prohibitive, and 
the sensitivity that can be achieved is 
acceptable for the application. 
General. Radiographic screens, both 
lead and fluorescent, should be kept 
free from dirt, moisture, grease and 
lint. Such surface contamination will 
introduce blemishes on the radiograph. 
Grease and dirt may be removed from 
lead foil screens by a suitable solvent, 
or, if more thorough cleaning is neces- 
sary, by gentle rubbing with the finest 
grade of steel wool. Fluorescent screens 
should be cleaned according to the 
manufacturer's recommendations. 
When intensifying or lead foil screens 
are used, good contact between screens 
and film is of prime importance. A 
vacuum cassette or a rigid spring-back 
cassette will provide this intimate con- 
tact. Rigid cassettes should be tested 
occasionally for screen contact 
Cardboard or thin plastic exposure 
holders are cheaper, easier to handle 
in large numbers, and more flexible 
than rigid cassettes. However, if screens 
are to be used in them, special pre- 
cautions must be taken to insure good 
contact. The exact means used will 
depend on the object to be radio- 
graphed. Exposure holders may be 
pressed or clamped against the speci- 
men; or the weight of the specimen or 


METAL PROGRESS; PAGE 188 


Usable 
Life, yr 


Approximate 
Initial Cost 


$750 
200 5 


the flexing of the holder, bent to fit 
inside some structure, may be used to 
insure good contact. 


Photographie Processing 


Since the usefulness of a radiograph 
depends on the processing technique, 
care and cleanliness in all processing 
procedures are essential 

Developing solutions should be main- 
tained as close to 68 F as possible. 
Successful processing cannot be car- 
ried out below 60 F or, without special 
techniques, above 75 F. 

X-ray films are usually processed in 
vertical tanks deep enough for the 
largest film to be hung vertically. The 
volumes of the tanks for developer, stop 
bath or rinse, fixer (hypo), wash, and 
wetting agent (to hasten drying) should 
be in the ratio of about 1:1:3:4:1, re- 
spectively, to allow a steady flow of 
films through the processing system 
and a sufficient time in each bath. The 
volume of the fixer tank will depend 
on the types of film processed and the 
method used to maintain fixer activity 

Assuming a 5-gal developer tank of 
standard ASA dimensions, and tank 
volumes for the other solutions in the 
ratio shown above, 30 to 60 films can 
be processed and made ready for dry- 
ing per hour, and the first film will be 
ready for drying in 30 to 45 min. The 
processing equipment, exclusive of dry- 
ing facilities, will occupy 55 to 70 in. 
of wall space in the darkroom. Larger 
tanks will permit a correspondingly 
greater production rate and will occupy 
proportionately greater space. 

Where large volumes of films are to 
be processed, machines may be used. 
A typical processing machine commer- 
cially available will handle 120 films 
per hr and will have the first film dried 
and ready for viewing in about 90 min. 
Such a unit will occupy about 17 linear 
ft of space, 8 ft of which are in the 
darkroom, and is about 3 by 8 ft in 
maximum cross section. 

Costs of processing facilities are diffi- 
cult to specify, since they depend on 
the volume of film to be handled, the 
amount of construction, electrical and 
plumbing work necessary, and whether 
manual or machine processing is to be 
used. The minimum cost of processing 
equipment that will permit the han- 
dling of a few 8 by 10-in. films per day 
will be about $150, exclusive of process- 
ing room space, plumbing and wiring. 
An average processing room for manual 
processing of 175 to 200 14 by 17-in. 
films per 8-hr day will cost about $1000. 
Substituting stainless steel tanks for 
the cheaper hard rubber type included 
in the $1000 figure will increase the 
total expenditure to $1500, which will 
also cover the cost of constructing a 
suitable darkroom with the necessary 
electrical fixtures and plumbing 


Viewing of Radiographs 


The finished radiograph should be 
examined under conditions designed for 
best visualization of detail combined 


with maximum comfort and minimum 
fatigue for the observer 

The sensitivity of the human eye to 
contrast (‘the ability to distinguish 
small differences in brightness) is 
greatest when the surroundings are of 
about the same brightness as the area 
of interest. Thus, to see the finest de- 
tail in a radiograph, the illuminator 
must be masked to avoid glare from 
bright light coming around the edges 
of the radiograph, or through areas of 
low density. Subdued lighting, rather 
than total darkness, is preferable in 
the viewing room. The illumination of 
the room must be arranged so that 
there are no reflections from the sur- 
face of the film that is being examined. 

Industrial radiographs are often ex- 
posed to densities as high as 4.0, to 
allow the coverage of as wide a range 
of thickness as possible on a single 
radiograph or to take advantage of 
the high contrast of some films at 
elevated densities. A high-intensity 
illuminator with adjustable intensity is 
almost a necessity for radiographic 
observation and interpretation 
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Fluoroscopic Screens 


The use of fluoroscopic screens in 
industrial inspection is feasible wher- 
ever high sensitivity is not required 
and speed is important. These screens 
are especially suited to continuous in- 
spection on a moving belt 

Fluoroscopy is about one quarter as 
sensitive as a film technique. If meas- 
ured in terms of visibility of penetram- 
eter images, sensitivity is usually about 
10%. It can be extended by careful 
technique to perhaps 2° in some appli- 
cations. An equally careful film tech- 
nique might give ‘2% sensitivity 

Parts can be inspected as they move 
through the fluoroscope not in just one 
projection, but in a continuously chang- 
ing projection if they are carried 
through mechanically, or at any 
chosen angle if they are moved manu- 
ally. This gives the effect of perspective, 
so that the depth of discontinuities may 
be estimated. Fluoroscopy makes it 
easier to examine otherwise difficult 
sections, such as a web adjacent to a 
rib. The changing angle of view in- 
creases the probability of aligning 
crack planes with the radiation beam 
so that they will be detected 

A common important application of 
fluoroscopy is in surveying metal parts 
in production lots to screen out those 
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containing the more obvious defects, 
before radiographic inspection with 
film. Besides the economic saving, such 
a procedure provides a quick indication 
as to the general quality of the lot. 

Practical Limitations. The proper 
light level for best viewing of the screen 
is about 1 milli-lambert, which is a 
value much higher than normally ob- 
tained; below this level, the efficiency 
of the human eye is gradually reduced. 
The distance between target and screen 
should be short to provide relatively 
intense radiation at the screen posi- 
tion. However, too short a distance may 
not permit a large enough field to 
cover the parts being examined, or may 
produce intolerable unsharpness of 
image because of penumbra 

Adaptation of the eye to low bright- 
ness levels must be considered. The in- 
spector may require as long as 20 min 
for eye accommodation before begin- 
ning inspection 

Fatigue is related to several factors, 
such as the brightness available, the 
type and rate of objects inspected, the 
nature of discontinuities, the age, sex, 
condition of eyes, and practice of the 
inspector. An average schedule for an 
inspector might be 2 hr on, then 2 hr 
off. When fatigue sets in, the operator 
gradually loses ability to give atten- 
tion, and inspection becomes not only 
less sensitive, but also more erratic 

The operator is protected from radia- 
tion by a barrier between screen and 
operator which is reasonably trans- 
parent to visible light, but opaque to 
x-radiation Glass containing lead 
oxide or lead silicate is commonly used, 
or transparent cells containing water 


solutions or heavy compounds such as 
lead perchlorate. Tungsten and lead 
phosphate glasses are not yet in com- 
mon use but show promise. All these 
materials absorb a considerable amount 
of light (up to 30%) even when new 
They discolor to varying degrees as a 
result of exposure to radiation, and 
absorb even more of the incident light 
as they age 

Image Quality Limitations. The 
fluoroscopic screen is made up of a thin 
layer of crystals mounted on a paper 
base. Since the amount of x-ray energy 
that is converted to visible light will 
depend on the effectiveness of the 
crystalline layer in absorbing it, a 
thicker layer will be more efficient than 
a thinner layer. The screens manufac- 
tured for industrial use are a com- 
promise between high brightness (‘a 
thick crystalline layer) and high re- 
solving power (thin layer and smaller 
crystals). Unsharpness in the screen is 
determined by the minimum size of de- 
fect that can be observed and the pro- 
jection magnification. A considerable 
selection of screens is available, with un- 
sharpness values ranging from approxi- 
mately 0.020 to 0.065 in. The screen of 
finest grain gives approximately half 
the brightness of the brightest screen 

The contrast sensitivity—that is, sen- 
sitivity to small changes in object 
thickness—-depends on the type of radi- 
ation, the screen characteristics, and 
visual response to the level of bright- 
ness. The contrast sensitivity is usually 
much lower than in film radiography; 
under the best conditions, it may ap- 
proach that of the low-contrast radio- 
graph 
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discontinuity is 
screen 


limiting factor in image 


size of the radiation source (focal 
and the distance by which the 
separated from the 


It is likely to be more bother- 


some in fluoroscopy than in film radiog- 
raphy because of the short target-to- 


screen 


distance normally used in an 


attempt to gain brightness 
Techniques for Best Sensitivity in- 


clude 


w 


the following: 


The brightness level should be no less 
than 0.01 milli-lambert and preferably 


closer to 1 milli-lambert 
The screen should be as fine-grained 
and thin as feasible usually some 


brightness can be sacrificed in favor of 
improved sharpness, for all 
gain in resolution 

Target-to-screen distance should be as 
short as possible, to gain brightness, 
but the penumbra must not exceed the 


an over 


desired resolution; preferably, the 
penumbra should not exceed the 
screen unsharpness 

The focal spot employed should be 
the smallest that will give the x-ray 
intensity necessary for the desired 
brightness level; new x-ray tubes ap- 
pearing on the market can provide a 


focal spot less than | mm 


Photofluorography is the technique of 
photographing the image on a fluoro- 


scopic 


screen It uses radiographic 


units, films and viewing equipment all 
specially designed for convenient and 
rapid use 
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Fig. 4. X-ray Films to Be Used for Different Classes of Work with Magnesium, Steel, Aluminum and Bronze. Shaded 
areas, rather than lines dividing them, should be considered. Since the chart is based on practical erposure condi- 


tions, wherever longer exposures can be tolerated a finer-grain film should be used 
to the thickness of metal or the energy of the radiation source. (ASTM) 
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desired (ranging from 35-mm roll to 
4 by 5-in. sheet film). The film is pro- 
tected from x-radiation by a barrier 
or is placed outside the radiation field 
and “sees” the image through a mirror 
system. 

Obvious advantages are permanency 
of record and smal) film size. In addi- 
tion, the image contrast is enhanced 
in the photographic process so that the 
sensitivity is considerably greater than 
in fluoroscopy 

High-Brightness Fluoroscopy. A new 
aspect employs electronic apparatus 
for increasing the brightness of image. 
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Summary of Limitations of 
Radiographic Systems 


Since a radiographic system depends 
on the differential absorption of elec- 
tromagnetic radiation to produce a 
shadowgraph of an object, the sensitivi- 
ty limitations of the system are related 
to the three factors: (1) subject con- 
trast of the object being examined; (2) 
geometric relationship of the source, 
object and detecting device; and (3) re- 
sponse of the detecting device. 

Subject contrast depends on the dif- 
ferential absorption of the radiation 
penetrating the object and is directly 
related to the effective voltage or wave 
length of the radiation, as well as to 
the nature of the metals and thickness 
of the object to be inspected 

There is an inverse relationship be- 
tween the penetrating effectiveness of 
the radiation and the subject contrast. 
Therefore, in general, lower effective 
voltage should be used for thinner sec- 
tions and lighter alloys and higher 
effective voltage should be used for 
thicker sections and heavier alloys 

The sensitivity of the radiographic 
system is also limited by sharpness of 
the shadowgraph resulting from the 
geometric relationship of the size of 
the source, thickness of the object, and 
distance from the film, as well as the 
source-to-film distance Radiation 
sources currently available vary from 
approximately a fraction of a milli- 
meter to 10 mm in source size, and 
the thickness of the object can vary by 
a large factor. For the highest degree 
of radiographic sharpness, the smallest 
source should be used in conjunction 
with the finest-grain x-ray film and 
the most favorable geometric relation 

In general, both the quality and speed 
of the radiographic system depend on 
the response of the film and screens. 
The use of fluorescent intensifying 
screens in conjunction with radio- 
graphic films will increase radiograph- 
ic speed. However, the visible detail 
possible with this system is also re- 
duced. Two per cent sensitivity is com- 
mon; under closely controlled condi- 
tions, with lead screens, sensitivity of 
% % is possible. 
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For fluoroscopic inspection, the limi- 
tations are related to the detail avail- 
able from a fluoroscopic screen, and 
the response of the screen to effective 
voltage or energy from the source. 
Since commercial screens now available 
are most sensitive at approximately 
100 kv, the utilization of this system is 
limited to approximately 2 in. of 
aluminum, and routine sensitivity of 
about 10% can be obtained. With the 
most careful technique and for the 
most favorable applications, this may 
be extended to 2% sensitivity at best. 


Safety Requirements 


Because x-rays and gamma rays 
from radioactive materials have a 
destructive effect on living tissue, ade- 
quate protection is necessary. Some of 
the recommended safety precautions 
are indicated in the following para- 
graphs. In addition, the reader may 
consult the ASA Safety Code for the 
Industrial Use of X-Rays, and various 
handbooks of the National Bureau of 
Standards which are listed on page 191. 

Any recommendations or regulations 
issued by State and Municipal Boards 
of Health and Labor pertaining to the 
installation and operation of industrial 
laboratories that employ x-rays or 
radioactive materials should also be 
studied. The specific design recommen- 
dations cited in the various references 
in the field of radiation protection can- 
not be considered final, since they are 
based on assumptions that may require 
revision as additional information is 
acquired. 

Personnel should not be exposed to 
direct rays from the generating source 
or to scattered radiation from different 
objects in the path of the direct beam. 
While the exposure is being made, the 
operator and other members of the 
x-ray laboratory, and persons in adja- 
cent departments, must be protected. 
Wherever possible the protective meas- 
ures should be a permanent part of the 
construction. 

Providing the necessary protection 
from radiation in any new installation 
may increase the total cost consider- 
ably. The added cost can vary from 
zero, for units in which the manufac- 
turer has incorporated the protection 
in the design of the apparatus, to 
thousands of dollars for thick-walled 
special rooms for the x-ray machines 
and betatrons of highest energy 

The preferred and most common 
method of providing protection for 
units of relatively low voltage is to 
install the radiation-producing equip- 
ment or material in a lead-lined en- 
closure. Considerable economy may be 
effected if the quantity of radiation 
that must be absorbed in the protective 
walls is kept to a minimum. Lead-lined 
hoods or cabinets are available, de- 
signed for use where large numbers of 
small castings or parts are inspected on 
a routine basis. The parts to be exposed, 
together with the x-ray film, are 
placed in the lead cabinets through 
mechanically operated lead-lined doors, 
electrically interlocked with the x-ray 
controls to prevent the x-ray tube 
from being energized before the doors 
are closed. Small lead-lined cabinets 
for x-ray units up to 100 kv may be 
purchased for a few hundred dollars 
each. Larger cabinets for units of 150- 
kv capacity vary in price from $2000 to 
$4500, depending on the number of 
optional high-production features. 


Even larger cabinets or hoods for 
$3000 to $5000 are available for 250-ky 
units. 

For some installations distance alone 
must be relied upon to provide the 
proper protection. For example, when 
the object to be inspected is too large 
to be transported to the x-ray labora- 
tory, the radiographic testing must be 
performed on the shop floor. Usually 
portable lead shields are provided to 
protect workers in the same area. It 
may be desirable to enclose a section 
with ropes and signs, warning the 
plant personnel to remain at a speci- 
fled safe distance. 

After a new installation is completed, 
a radiation survey should be made to 
determine whether the construction 
and operating conditions are safe. 

Protection Against Gamma Rays and 
High-Voltage X-rays. Radiation from 
radium or cobalt-60 or from high ener- 
gy x-ray machines has biological reac- 
tions similar to the x-rays from low- 
voltage units. Knowledge of the proper 
methods of use and of the necessary 
protective measures must be demon- 
strated to the U. 8S. Atomic Energy 
Commission before artificial radioactive 
material may be purchased. 

Lead is the major protective material 
in the low-voltage range but it is used 
for high voltages and gamma rays only 
when space is limited. Because of its 
structural strength, concrete has been 
favored in the high-energy region, 
where the absorption is principally a 
mass effect. Since the thicknesses nec- 
essary to attenuate gamma rays are 
great, the only economical means of 
protection is a combination of distance 
and protective material 

The dangerous area around the 
radioactive material should be indi- 
cated and all personnel forbidden to 
enter this zone except those authorized 
to position the capsule. Walls, benches 
and other objects have a serious scat- 
tering effect on gamma rays, which 
must be considered when estimating 
the possible dosage. 

Although the radiation from x-ray 
units is usually from a fixed position 
and hazardous only when the unit is 
in operation, radiation from radioactive 
sources may arise from different loca- 
tions in the plant. If radioactive iso- 
topes are scattered, spilled or lost dur- 
ing use, they must be found and 
cleaned up. 

Because of the variable strength of 
radioactive isotopes, their transfer 
from the container to one position or 
another requires strict adherence to 
code requirements regarding maximum 
daily dosage rates 

A greater danger than bodily contact 
with isotopes is the possibility of in- 
halation of some of the material such 
as radon from radium or dust particles 
from cobalt-60 or other radioactive 
isotopes. Such hazards are unlikely 
unless the sealed containers in which 
the radioactive material is encapsu- 
lated are damaged by careless handling 
When radium or cobalt-60 is not in 
use it should be kept in a thick lead 
container or in a hole in the earth deep 
enough to reduce the radiation to a 
safe level. 

Measurement of Radiation Received 
by Personnel. A radiation physicist 
should be consulted in regard to proper 
techniques for monitoring of personnel 
and periodic radiation surveys. It may 
become necessary to measure quanti- 
tatively by suitable instruments the ex- 


| 
4 
A 
\ 
Py 


tent of the stray radiation in and 
around a radiographic installation or 
the amount received by the various em- 
ployees of the laboratory. Trained per- 
sonnel should be available to insure the 
proper use of the various instruments, 
to interpret the readings obtained, and 
to make the necessary recommenda- 
tions for safe practices. 

The measurements are usually re- 
corded by either small ionization 
chambers or photographic film. 

The ionization chambers are first 
charged electrically by a special instru- 
ment, carried in a pocket for one or 
more days, and then examined to de- 
termine the extent of exposure. The 
amount of discharge is usually ex- 
pressed in roentgen units. A charging 
instrument and five pocket chambers 
cost from $150 to $200. 

The photographic method of moni- 
toring is inexpensive, convenient and 
provides a permanent record. Fre- 
quently films are used together with 
ionization chambers as a check. When 
photographic film is used for monitor- 
ing, an estimate of the dosage depends 
on measurement of the density of the 
film evaluated in terms of roentgens. 
A suitable instrument for measuring 
film densities, such as a densitometer 
(minimum price, $60), should be avail- 
able. Special packets of x-ray film for 
monitoring are sold by the film manu- 
facturers. A complete photographic 
monitoring service is provided by sev- 
eral commercial laboratories. The cost 
of such a service varies with the num- 
ber of film badges used. 

All personnel in the department 
should receive instructions in safe 
working practices when using x-rays or 
gamma rays. The nature of the injuries 
that may result from neglecting to ob- 
serve the safety rules should be clearly 
understood. Failure to conform to the 
established rules should be cause for 
transfer or dismissal. 

Protection of X-Ray Film in Storage. 
X-ray film in storage must be properly 
protected against exposure to stray 


this materia] is becoming more common 

than radium. To apply the table to 

radium, the source strength should be 

multiplied by 1.6. Other films may be 

stored under these same conditions for 

the following periods: 

1 Extremely fine-grain, no-screen type 
of industrial film—30 weeks 

2 Fine-grain, no-screen type of indus- 
trial film—12 weeks 

3 Screen type of industrial film—4 weeks 


Regardless of relative amounts of dis- 
tance and protective materials em- 
ployed, or the type of radiation involved, 
slow films should not receive more than 
4 milliroentgens total dose during their 
period of storage. Faster films should 
not receive more than 1 milliroentgen 
exposure. 

Because of the deleterious effect of 
heat and moisture, all film should be 
stored in a cool, dry place and ordered 
in such quantities that the supply on 
hand is renewed frequently. Under no 
circumstances should film be left in a 
chemical storage room or in any loca- 
tion where there is leakage of illumi- 
nating gas or any other type of com- 
bustible gas, or where there is a possi- 
bility of contact with formalin vapors, 
hydrogen sulfide, ammonia, or hydro- 
gen peroxide 

The industrial-safety-base x-ray film 
presents no greater fire hazard in stor- 
age in the x-ray laboratory and filing 
room than an equal quantity of paper 
records 

Electrical Safety. The voltages em- 
ployed to energize radiographic tubes 
are extremely dangerous. The body 
must never be permitted to form a part 
of the high-voltage circuit either across 
the tube leads or between a high- 
potential lead and a grounded conduc- 
tor. Most x-ray generators for indus- 
trial radiography are of shockproof 
construction. Where the design is such 
that high-voltage conductors are ex- 
posed, the high-voltage generators, ca- 
pacitors, x-ray tubes and conductors 
should be made inaccessible by means 
of insulated or grounded enclosures 


Table VI. Thickness of Lead Shielding Needed for Surrounding Cobalt-60 
to Limit Film Fogging 


Distance, 
ft 


50 

25 3.0 
50 20 
100 10 
200 0 
400 0 


radiation. It is customary to protect 
film in lead-lined cabinets for kilo- 
voltages up to 200. At higher voltages, 
protection becomes increasingly diffi- 
cult because, in addition to lead pro- 
tection, adequate distance must be pro- 
vided between the source of radiation 
and the film. 

During the period when radium and 
cobalt-60 are being used for radiogra- 
phy, the only practical protection for 
stored film is to keep it at a distance 
from the radioactive materials. Table 
VI shows distances, varying amounts of 
cobalt-60, and thickness of protective 
lead that will produce a slight but ac- 
ceptable degree of fog on a fast, 
coarse-grain, no-screen type of in- 
dustrial film when stored for a period 
of two weeks near the radioactive 
material. 

Table VI is based on cobalt-60, since 


~ Thickness of Lead, In. for 
Source Strength, millicuries 


100 200 500 1,000 2,000 
35 45 5.0 55 6.0 
25 35 40 45 5.0 
15 25 30 35 40 
05 15 20 25 30 

0 05 10 15 20 


Any door, gate, port or panel permit- 
ting ready access to the interior of a 
high-voltage area should be provided 
with reliable interlocks, to de-energize 
the primary circuit of the high-voltage 
transformer when they are opened. A 
switch should be provided within the 
enclosure, so that anyone within the 
area can prevent the energizing of the 
high-tension transformer. 

All exposed non-current-carrying 
metal parts of x-ray apparatus, includ- 
ing protective guards, barriers, enclo- 
sures, and shields, should be perma- 
nently grounded in accordance with 
the provisions of the latest edition of 
the National! Electrical Code 

Low-potential electric outlets and 
fixtures may present a hazard in the 
processing room. Special care should 
be taken to prevent the body from be- 
coming part of an electric circuit, since 


a voltage of 110 or less may prove fatal. 
No electrical appliance (including elec- 
tric timers and mixers) should ever be 
touched with wet hands or while any 
part of the body is in contact with a 
grounded conductor, such as water 
connections, processing tanks, or a wet 
concrete floor. 

High-voltage systems should be in- 
spected at least bimonthly for possi- 
ble loose parts or faulty insulators. 
High-voltage barriers and interlocks, 
and grounded connections should be 
checked at the same intervals. A gen- 
eral inspection of electrical components 
should be made at least once a year. 
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Application to Control of 
Manufacturing Processes 


Radiography is most economical in 
developing methods of production and 
in maintaining quality control. These 
purposes are well illustrated by the ap- 
plication to production of steel castings. 

The first casting produced is care- 
fully radiographed to determine the 
effectiveness of the foundry technique 
Special attention is given to areas 
known to be highly stressed in service 
and areas to be machined, Shrinkage 
areas may vary widely in degree and 
only a knowledge of the actual service 
conditions of the casting will enable an 
intelligent evaluation to be made of the 
radiographs obtained when the pilot 
casting is examined. As changes are 
made on subsequent castings the results 
can be evaluated quickly 

Once a satisfactory foundry practice 
has been established, radiography is 
then used to control quality. If a large 
number of castings are to be made, the 
amount of radiography can be reduced 
by a sound plan of statistical quality 
control 

Another example of the application 
of radiography to manufacturing proc- 
ess control is in welding. Radiography 
is commonly used in the qualification 
of welding operators. The operator's 
ability to produce satisfactory weld de- 
posits in the various welding positions 
can be determined quickly by an exam- 
ination of the radiographs of the welds 
produced on test plates 

Welding deficiencies and incorrect 
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welding practices are readily detectable 
in the radiographs. This demonstrable 
evidence of welding errors is also a 
valuable aid in the instruction of 
welding Operators 

Radiography is often used to check a 
series of joints produced with systemat- 
ic changes in one or more variables and 
to serve as a qualification of the weld- 
ing practice 

After both the practice and operators 
have been qualified, radiography is then 
employed to insure adherence to the 
proved method and as a check on qual- 
ity. As with castings, repetitive work 
enables the amount of radiography to 
be regulated by methods of statistical 
quality control. 


Application to 100% Produet 
Inspection 


The mechanization of radiographic 
inspection for large and complex cast- 
ings and welded structures has not ad- 
vanced 80 rapidly as the mechanization 
of foundry and welding processes. Con- 
sequently, 100% inspection of such 
products by radiography can represent 
a serious production bottleneck. In gen- 
eral, the slowness and high cost of ra- 
diographic inspection prohibit its use 
for 100% inspection of heavy objects 
except when a service failure of the 
product would endanger the lives of 
individuals or associated expensive 
equipment. For other multi-ton castings 
and large, complex structural weld- 
ments, radiography should be consid- 
ered as an aid to process control rather 
than as a method of final inspection. 


Table VII. Discontinuities in Weld- 
ments Detectable by Radiography 


Porosity Undercuts 
Slag Burn-through 
Cracks Inclusions 
Inadequate penetra- Segregation 
tion Slugging 
Incomplete fusion Bridging 
Insufficient thickness Sputters 


The successful application of radiog- 
raphy to mass product inspection is best 
illustrated by experience in the light 
alloy casting industry. Frequently, man- 
ufacturers of aluminum or magnesium 
castings must certify the quality of a 
large number of castings produced at a 
high rate. When many castings are made 
from the same pattern, jigs and fixtures 
will speed radiography by eliminating 
lifting, facilitating handling, and re- 
ducing film setting and blocking time. 
This permits the fullest utilization of 
the available x-ray beam. Rotating and 
tilting positioners, such as are employed 
for welding, have been found useful 

Most small castings are amenable to 
automation in radiography Where 
large numbers of small parts are to be 
radiographed, a special lead-lined hood 
or cabinet, with mechanically operated 
lead-lined doors, electrically interlocked 
with the x-ray control, may expedite 
production. This type of equipment can 
be designed with roller-feed tables or 
loop conveyers, or both, upon which the 
next group of parts may be prepared 
for exposure. Some include power- 
driven traversing mechanism for the 
jigged parts, interlocked with the con- 
trols of the high-voltage circuit 

High rates of radiographic inspection 
usually depend on short exposure pe- 
riods that require x-ray units of ade- 
quate capacity. Fast industrial x-ray 
film, a double-film technique or intensi- 
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fying screen also help in reducing the 
exposure time 

Since, with normal technique, the 
various radioactive isotopes require long 
exposure periods, they have not been 
found useful for high-production in- 
spection. Attempts to reduce the ex- 
posure time per casting have been made 
by increasing the quantities of the ra- 
dioactive isotopes and by multiple ex- 
posures using the panoramic technique. 

High production in the exposure room 
is of no value unless the film processing 
cycle can maintain the same rate. For 
the highest rates, automatic film proc- 
essing machines are employed 

Industrial x-ray fluoroscopes have 
been designed for the inspection of light 
alloy castings, and a high rate of exam- 
ination has been possible through the 
use of special conveyor systems 

Where cost is not a factor the highest 
and most efficient rates of mass radio- 
graphy can be accomplished by design- 
ing a department for one specific appli- 
cation. For example, some of the high- 
est radiographic production rates were 
reached during the last war in several 
US. Government shell loading plants. 


Radiography of Weldments 


In the inspection of weldments, ra- 
diography is an important tool for the 
location of internal discontinuities. It 
is the oldest and best known nonde- 
structive means for this purpose. It is 
used to establish welding procedures, to 
qualify welders, to inspect welded fabri- 
cations in process and to control the 
quality of the product 

For routine inspection in the aircraft 
industry, weld test strips, made every 
hour on production welding, may be 
inspected by x-ray to supplement de- 
structive tests where results are in 
doubt. When quality has been estab- 
lished, an occasional x-ray exposure 
can be made on every production run, 
and a metallographic test and some 
other suitable surface inspection meth- 
od can be applied 

Much radiography of welded joints is 
subject to national codes (ASME, API- 
ASME, API-AGA), military and cus- 
tomer specifications, and recommenda- 
tions of bodies such as ASTM, AWS, 
ASA and AEC, which control the radi- 
ographic procedures indirectly through 
specifying directly the minimum ac- 
ceptable radiographic techniques 

Table VII lists discontinuities in weld- 
ments that may be revealed by both 
x-ray and gamma radiography. Except 
for cracks, the discontinuities are not 
cause for rejection until they exceed the 
maximum lengths or quantities ac- 
ceptable in the particular fabrication 
being inspected. 

When indications present in the weld 
are beyond the limits of acceptability, 
the defective area is plotted, and the 
weld machined, chipped or ground out 
(when permitted by specifications) 
Another radiographic inspection may be 
made to see if the defect has been re- 
moved. The undercut area is then re- 
pair welded and radiographed again to 
determine its acceptability 

Surface imperfections such as tool 
marks, sharp changes in section, even 
ripples in fusion weld beads can be con- 
fused as defects unless the interpreter 
is careful to evaluate properly. An in- 
spector must be able to distinguish be- 
tween images of weld surface irregu- 
larities and those of welding defects, 
and also to evaluate surface indications 


as to acceptability in the particular 
structure in question 

Specifications usually limit radio- 
graphic procedures with the following 
minimum conditions: 


D/t ratio to be not less than 7/1. (D/t 
is the ratio of the distance from source 
to specimen to the distance from ra- 
diation side of specimen to film) 

Film should be as close to the spec- 
imen as possible and never farther 
than 1 in 

Variation in thickness of specimen 
within a single-film radiograph to be 
not more than 12', 

Maximum area covered by a single 
film should be limited by points where 
the radiation must penetrate a thick- 
ness exceeding that penetrated at the 
center of the film area by 12', 
Penetrameter to be Placed at the outer 
edge of the film area, that is, at the 
location representing the greatest an- 
gle with the axis of radiation 

Image of the smallest hole of the 
penetrameter must be visible on the 
finished radiograph 

Radiographs should indicate that de- 
fects as large as 2 of the thickness 
of the part being examined, or larger, 
will be resolved 

The weld being examined should be 
free from surface irregularities that 
could mask defects within the welded 
area 

Films must be free from processing 
and mechanical defects 

Each film should bear the image of 
the job number, the weld number, 
and the film location number, which 
should be established permanently on 
the part being inspected 

High-speed, coarse-grain films are not 
acceptable 

(a) Film densities of 15 to 2.5 are ac- 
ceptable for high-contrast, fine-grain 
films used with or without lead 
screens. (bh) Film densities of 1.0 to 
15 are acceptable for the fluorescent- 
screen type of films 


Limitations. One of the chief limita- 
tions of the radiographic process is that 
relating to detection of cracks. To be 
recorded they must be in or near a 
plane parallel to the direction of radi- 
ation. The majority of cracks in fusion 
butt welds will fall in a plane at or near 
the plane of radiation normally used 
for butt welds. It may be necessary 
and justifiable in suspicious or critical 
areas to radiograph the part at differ- 
ent angles to reveal cracks that do 
not fall close enough to the original 
plane of radiation to be detected 

The minimum size of defects that 
can be shown by conventional radi- 
ography is also a limiting factor. Radi- 
ography should not be expected to re- 
veal flaws or irregularities that are 
microscopic or to disclose information 
regarding metallurgical structure or 
physical properties. The primary func- 
tion of radiography is to reveal flaws 
or discontinuities that may be attrib- 
uted to poor workmanship or poorly op- 
erating welding equipment and will be 
detrimental in further processing or in 
the service life of the part 

Various unusual arrangements are 
frequently employed to facilitate and 
improve interpretation of radiographs. 
Among them are: 


1 Two films in a cassette—one fast and 
one slow—to provide similar sensitiv- 
ity and density for wide variations in 
specimen thickness 
Radiographically dense fluids, plastics, 
or metallic powder or shot to equalize 
irregular thickness of section 
Double-film exposure technique, to re- 
duce exposure time 
A fixer neutralizer to decrease film- 
processing time and insure storage life 
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5 Double images to provide a depth- 
locating measurement for defects. 
Stereoradiography may also be used 

6 Lead filters (0.010, 0.020, 0.040 and 0.060 
in. thick) at the front side of the cas- 
sette to improve contrast for the fluo- 
rescent-screen type of films, starting 
at 15-in. specimen thicknesses 


Radiography of Aluminum 
Weldments 


Radiographic technique and equip- 
ment for examining welds in aluminum 
and magnesium alloys are no different 
from methods used for parts that are 
not welded. The discontinuities pro- 
duced by fusion welding of aluminum 
and revealed on film by radiography 
are included in Table VII 

A special exposure technique is nec- 
essary for the inspection of spot welds 
The welded areas are x-rayed with a 
low-voltage, high-intensity, beryllium- 
window x-ray tube on extremely fine- 
grain film. Spot welds and seam welds 
produce x-ray images of aluminum and 
its alloys that are entirely different 
from those of any other welding tech- 
nique. Because of the rather large per- 
centage of radiographically dense alloy- 
ing constituents that produce informa- 
tive patterns, some of the high-strength 
aluminum alloys such as 2024 and 7075 
are well suited for spotweld radio- 
graphy. The images show positive in- 
dications of the following: 


1 Variations in weld nugget shape (over- 
size, undersize, absence, misshapen, 
doughnut and crescent-shaped) 


2 Extrusion and expulsion of metal from 
the nugget 

3 Cracks 

4 Porosity 

5 Foreign materials (such as tip pickup) 

6 Segregation of eutectic 

7 Electrode impressions 


However, not all aluminum alloys 
will provide informative spot-weld 
radiographs, for example, alloys 1100 
and 3003 

If incomplete fusion at an interface 
between weld and parent metal is sus- 
pected, additional exposures at various 
angles may reveal the lack of bonding. 

Because of low subject contrast, it is 
difficult to obtain the necessary sensi- 
tivity with radioactive sources 


Radiography of lron and 
Steel Castings 


Radiography is in widespread use for 
nondestructive inspection of iron and 
steel castings. For some castings, two 
or more nondestructive test methods 
must be used in order to get the desired 
information 

Since gamma rays radiate in all di- 
rections, a number of exposures can be 
made at one time by grouping the cast- 
ings around a radioactive source in a 
panoramic arrangement. Another ad- 
vantage in the use of radium or radio- 
active isotopes is in the flexibility of 
the equipment. The source is easily 
transported and used in the shop, and 
inspection of internal passages and 
cored openings is possible. The chief 
disadvantages of these methods, as 
compared with x-rays, are the in- 
creased exposure time and the poorer 
contrast of the radiograph 

X-ray machines from 200 to 400 kv 
are common in foundry work. The 1000 
and 2000-kv x-ray machines and indus- 
trial betatrons are used for heavy- 
section work. Discontinuities that may 


be detected by radiography are listed 
in Table VIII. 

If areas of internal shrinkage or 
other discontinuities are found that are 
undesirable, satisfactory repair can 
usually be made. If the area is really 
critical, radiography may be used to 
check the removal of the defect and 
again to prove the soundness of the 
repair weld. On viewing the radio- 
graph it is often difficult to determine 
whether an internal defect can be re- 


Table VILL Discontinuities in Iron and 
Steel Castings Detectable by 
Radiography 


Shrinkage Misruns 

Gas porosity Unfused chaplets and 
Inclusions chills 

Hot tears Core shift 

Cold cracks Surface irregularities 
Cold shuts 


moved better from one side or the 
other (assuming the casting is of such 
a nature that the repair can be made 
from either side). 

The radiographic inspection should 
be made in the steel foundry itself and 
preferably during or immediately fol- 
lowing the cleaning operation. The 
casting must be clean enough so that 
good work is possible and any shadows 
produced on the radiograph will be 
significant. Any surface condition that 
will be seen on the radiograph should 
be indicated by the use of a small lead 
arrow placed at this location on the 
casting and later visible on the radio- 
graph, to inform the interpreter that 
the discontinuity shown on the film is 
a surface condition. 

The advantage of radiographing the 
casting during the cleaning operation 
is that all repair welding can be done 
at the same time. This is especially im- 
portant for alloy steel castings that 
require preheat and postheat for 
obtaining welds of the best quality. 


Radiography of Aluminum and 
Magnesium Castings 


Although a large percentage of light 
alloy castings can be radiographed 
satisfactorily with 250-kv x-ray equip- 
ment, low-voltage units, 150 kv or less, 
will give the highest efficiency for sec- 
tions as thick as 2 in. The size and 
distribution of discontinuities com- 
monly encountered require the use of 
x-ray tubes that have a relatively small 
focal spot and low inherent filtration 
to get a high radiographic sensitivity. 

Correct radiographic procedure is to 
select the lowest voltage that will do 
the job in a reasonable exposure time 
Where many castings are examined a 
convenient technique is to establish a 
reasonable exposure time and select 
the voltage required for the thickness 
of the particular section being radio- 
graphed. Good practice normally re- 
quires exposures of not less than 1 min 

When castings with great differences 
in thickness must be radiographed in 
one exposure, an increase in voltage 
will provide wider latitude, as well as 
shorter exposure time, but with reduced 
contrast. If other factors remain con- 
stant, the most desirable combinations 
of voltage and exposure time for a 
specific part being examined may be 
governed largely by the minimum 
acceptable radiographic sensitivity 

Although the discontinuities com- 
monly encountered in aluminum and 


magnesium castings are similar to 
those in ferrous metals, frequently a 
group of irregularities called “dispersed 
defects” may be present. These defects 
prevalent in light alloy castings, con- 
sist of tiny voids scattered throughout 
part or all of a casting. Gas porosity 
and shrinkage porosity in aluminum 
alloys are examples of dispersed 
defects 

On radiographs of sections more than 

in. thick it is difficult to distinguish 
images corresponding to the individual 
voids. Instead, dispersed defects may 
appear on film deceptively as mottling 
dark streaks or other irregularities 

The discontinuities that can be de- 
tected by radiography of light alloy 
castings are listed in Table IX 


Radiography for Maintenance 
Inspection 


Radiography is used for maintenance 
inspection to determine changes in the 
product through use or to determine 
the quality of repair operations. In 
general, it is assumed that manufac- 
turing defects, such as porosity and 


Table IX. Discontinuities in Aluminum 
and Magnesium Castings Detectable 
by Radiography 


Hot cracks Core shift 

Cold cracks Mottling from large 
Cold shuts grain sizes 
Shrinkage cavities Surface irregularities 


Misruns Microshrinkage 

Gas holes Hydrogen porosity 

Gas porosity (Al) 

Dross or slag Shrinkage and sponge 
inclusions (Al) 


Segregation Microporosity (Mg) 


inclusions in castings and weldments, 
are detected in the normal manufac- 
turing inspection procedures, Mainte- 
nance inspection would not be used for 
these types of defects 

Changes caused by fatigue but not 
associated with actual discontinuities 
in the metal are not readily detected by 
radiography. It is common practice in 
aircraft maintenance to inspect by 
radiography structural parts that are 
normally under cover of the fuselage 
and not visible to inspectors. Radiog- 
raphy allows an inspection, without 
removing the aircraft aluminum skin, 
for such defects as possible cracks or 
fractures caused in structural members 
by unusual operating conditions of the 
aircraft 

Radiography has been used in main- 
tenance and repair of naval ships and 
railroad equipment for certain appli- 
cations. It is used to inspect die blocks 
for dimensional changes and to meas- 
ure elongation of rivets and structures 
where these parts are easily accessible 
to radiographic equipment 

Other maintenance inspections are 
made by radiography of products in 
which normal use causes dimensional 
changes. Melting pots used in the mag- 
nesium foundry are an example. When 
the bottoms become thin, they are re- 
placed, thereby preventing failure 


Radiography for Inspection of 
Finished Assemblies 


X-ray inspection is used to check 
electrical connections and precision 
parts in aircraft assemblies, and the 
position of bolts and nuts in finished 
enclosures. Even the dimensions of 
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some components have been measured 
with acceptable accuracy. 

Holes drilled off location on finished 
assemblies have been repair welded, 
redrilled in the proper locations for 
structural fit-up and subjected to x-ray 
examination. Small bosses and 
have been removed, repositioned and 
rewelded for fit-up and then x-rayed 
again to check quality. When thou- 
sands of dollars are invested in such 
products, an x-ray inspection is essen- 
tial to assure the soundness of repairs. 

Meters, timing mechanisms, elec- 
tronic tubes of all kinds, fuses, elec- 
trical switches and small electric 
motors are checked for position of 
parts and completeness of the assem- 
bly. Ammunition fuses housed in metal 
cases are inspected on a routine pro- 
duction basis to make certain that 
components are properly installed. 

The amount of insulation around 
metal wire on fuel pumps immersed in 
gasoline can be checked to prevent a 
fire hazard. Where failure would be 
dangerous or expensive, 100% inspec- 
tion is often justified and required. 

The height of liquids or solids can be 
determined and solution percentages 
in closed vessels can be evaluated. 
When it is too costly or time-consum- 
ing to disassemble the finished product, 
x-ray inspection may be used. 


Radiography of Powder 
Metal Parts 


Sintered compacts are sometimes in- 
filtrated with other metals to increase 
strength. An outstanding production 
example is iron infiltrated with copper. 
Radiography is the only feasible 
method for detecting wuninfiltrated 
regions and the size, location and dis- 
tribution of porosity and cracks. 

Defective parts are subjected to ten- 
sile, fatigue, and other destructive 
tests, and a direct correlation can be 
made as an aid in setting up radio- 
graphic inspection standards. Parts 
similar to the ones accepted by me- 
chanical testing can be used to make 
up suitable penetrameters. filat- 
bottom hole is drilled into the thickest 
section of the part to a depth equiva- 
lent to a certain percentage of this 
thickness. 

The major cause for rejection of in- 
filtrated iron powder parts is failure of 
the copper to fill voids between the 
metal particles. Common practice has 
been to reinfiltrate the part with more 
copper. This gives almost 100% re- 
covery on the second x-ray inspection. 

Radiographic inspection has also re- 
vealed subsurface cracks caused during 
broaching and other machining. 


Microradiography 


The microradiographic technique 
may be used to detect minute discon- 
tinuities in metals or segregation of 
components in alloys. It involves the 
radiography of a thin specimen on a 
fine-grain photographic material. The 
resulting radiograph is then examined 
under a magnification that may be as 
high as a few hundred diameters. Since 
microradiography of metals often in- 
volves sectioning a specimen, it is not 
usually a nondestructive test. 

Metal samples for microradiography 
range from 0.001 to 0.020 in. thick; the 
exact thickness required depends on 
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the composition of the metal and the 
purpose of the investigation. Some 
specimens prepared in this way may be 
radiographed without further prepara- 
tion—for example, in the microradiog- 
raphy of light alloys to disclose minute 
discontinuities. For determination of 
segregation of constituents in light al- 
loys and for all examinations of ferrous 
and copper alloys, thinner specimens 
than can be produced by a cutoff saw 


Table X. Photographic Materials 
for Microradiography 
Approx Approx Max 
Relative Enlargement, 
Material Speed diam 


Lowest-graininess, high- 
est-contrast type of 


industrial film ....... 100 12 
Fine-grain spectro- 

scopic plate ......... 40 35 
Fine-grain positive 


are usually needed. Indeed, a wedge- 
shaped specimen is often an advantage, 
since the radiographic exposure will be 
less critical when a range of densities 
from one end of the specimen to the 
other is to be obtained. 

Technique. Low voltages, in the range 
from 10 to 50 kv, are required in micro- 
radiography because of the thinness of 
the specimen and the need for high 
contrast in the finished microradio- 
graph. Both the continuous, or “white”, 
x-radiation and the characteristic K- 
spectrum from a suitable target find 
use in microradiography. The continu- 
ous spectrum can be used for detection 
of minute discontinuities, or of segre- 
gation in alloys in which the compo- 
nents are widely different in atomic 
number, as in aluminum-copper alloys, 
or in the determination of the disper- 
sion of lead in a leaded brass. For such 
applications, tubes with a _ tungsten 
target and beryllium window are use- 
ful, operating up to 50 kv. The continu- 
ous spectrum from x-ray diffraction 
tubes can also be used. The white radi- 
ation from ordinary industrial radio- 
graphic tubes operated at a low voltage 
has been used successfully in micro- 
radiography, although the x-ray in- 
tensity obtained at low voltages is 
severely limited by the thickness of the 
tube window. Where a segregation of 
components that do not differ greatly 
in atomic number must be detected, 
use of the characteristic K-spectrum 
from a suitably chosen element gives 
best results. 

Since microradiographs must be en- 
larged for interpretation, a  fine- 
grain photographic film or plate is 
needed. Table X gives approximate 
speeds and maximum enlargements. 

Many of the photographic films or 
plates used for microradiography can 
be developed for 5 min in conventional] 
x-ray developers. Special precautions 
are necessary only with films of ex- 
tremely high resolution, which should 
be processed as soon as possible after 
exposure. Fading of the latent image 
has been observed, and storage over- 
night may cause appreciable loss in the 
density of the developed image. In 
addition, the use of a stop bath (3% 
acetic acid) between developer and 
fixer is especially important in the 


processing of high-resolution photo- 
graphic materials. 

Extremely good contact between 
specimen and film is necessary for 
achieving the maximum enlargement 
of which the film is capable. Good con- 
tact may be obtained with a simple 
mechanical jig that presses the speci- 
men against the film or plate, but best 
results will probably be obtained with 
a vacuum exposure holder. 

Any material placed between tube 
and specimen must be thin and of low 
atomic number (for example, thin 
cellulose sheet) to reduce x-ray absorp- 
tion to a minimum, and must have no 
marked structure. 

Stereoscopic microradiographs may 
be made by moving the tube or moving 
or tilting the specimen between suc- 
cessive exposures. 

It is hardly practicable to specify 
exact exposure techniques in micro- 
radiography, but the following exam- 
ple may serve as a useful guide: 
specimen, aluminum alloy 0.010 in 
thick; exposure, 20 kv, 25 ma; 12-in 
focus-to-film distance; time, 4 min; 
film, fine-grain positive film. 

Because of the relatively high ab- 
sorption by air of the very soft x- 
radiation used in microradiography, the 
x-ray intensity will decrease with dis- 
tance from the focal spot more rapidly 
than calculations based on the inverse 
square law would indicate. 

Viewing of Microradiographs. If 
simple visual inspection with a hand 
magnifier or microscope will not suffice, 
photographic enlargements of micro- 
radiographs must be made. Enlarge- 
ments in the form of transparencies 
on film are preferable to paper prints. 

If photomicrographic equipment is 
not available, enlargements up to about 
40 diam may be made with a photo- 
graphic enlarger. A microfilm enlarger 
embodying a “point source” and con- 
denser illumination is to be preferred, 
although any photographic enlarger of 
good quality may be used. 

If photomicrographic equipment for 
transmission specimens is available, it 
is preferred for enlarging microradio- 
graphs. Such micrographs, up to mag- 
nifications of about 100 diam, can be 
made quite readily in most metallo- 
graphic laboratories. If enlargements 
of several hundred diameters are 
needed, equipment for transmission 
photomicrography is required. 

In general, higher contrasts (up to 
gamma of 2.0) will be used for film 
enlargements with specimens of lower 
radiographic contrast. A slow film will 
often have the advantage of giving ex- 
posure times long enough to be timed 
easily, particularly if the work is done 
with a photographic enlarger. If the 
enlargement is to be viewed directly, a 
matte-base film can be used, or the 
enlarged microradiograph can be con- 
tact printed on film with a clear or a 
matte base, or on paper. 


References on Microradiography 


S. E. Maddigan, “Microradiography”, Ind 
Radiography (Summer 1946) 

T. H. Rogers, “Production of Monochro- 
matic X-Radiation for Microradiography 
by Excitation of Fluorescent Character- 
istic Radiation”, J App! Phys (Aug 1952) 

H. R. Splettstosser and H. E. Seemann, 
“Application of Fluorescent X-Rays to 
Metallurgical Microradiography”, J Appl 
Phys (Nov 1952) 

S. E. Maddigan, “The Technique of Mi- 
croradiography”, J App! Phys (Jan 1944) 
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MACRO-ETCHING of iron and steel 
is an inspection procedure for revealing 
certain aspects of quality and structure 
of the metal by subjecting it to the ac- 
tion of a corrosive reagent and examin- 
ing it visually or at low magnification 

Macro-etching is widely used for the 
inspection of bars, billets, forgings, 
castings and other iron and steel prod- 
ucts. Samples are usually selected to 
represent a given batch or lot of metal 
and destructively tested by etching in 
acid until the structural characteristics 
or conditions are revealed. Some bars 
or forgings that are to be further 
worked or machined are inspected non- 
destructively by this method. Macro- 
etching may be used to reveal bursts, 
pipe, segregation, overheating, cracks, 
porosity, nonmetallic inclusions, seams, 
grain flow, macro grain size, decarburi- 
zation, local or surface hardening, 
grinding burns and weld penetration. 

Selection of Sample. The sample will 
usually consist of a full section of ma- 
terial and should be thick enough to 
permit easy handling and subsequent 
surface preparation. The maximum 
size of sample will be governed by the 
available macro-etching facilities 

Transverse or cross-sectional samples 
are most common. When longitudinal 
samples are taken to indicate the effect 
of structural elongation by rolling or 
forging, the section should be cut par- 
allel to the direction of metal flow and 
preferably through the center line of 
the piece. 

Where surface inspection is the prin- 
cipal consideration, the article itself 
may serve as a suitable sample. In sur- 
face inspection for seams and laps, the 
sample consists of sections selected at 
random 

Consideration should be given to the 
stage of forming at which the sample is 
selected Macro-etching exaggerates 
inhomogeneities; therefore, conditions 
that might be detrimental in a com- 
pletely formed steel, would not neces- 
sarily be a matter for serious consider- 
ation when the metal is to be worked 
subsequently. 

Preparation of Sample. A sample of 
soft metal for macro-etching can be 
taken from the whole by either sawing 
or machining; hardened steel requires 
abrasive cutting. Flame cutting may 
be convenient for obtaining samples 
from very large sections. All traces of 
burning or tempering must be removed 
before etching. It is also desirable to 
remove oil, grease and dirt with some 
suitable solvent. This will produce bet- 
ter results and prevent excessive con- 
tamination of the etching solution. 

The surface finish required before 
etching depends to a great extent on 
the action of the etching solution; in 
general, the more drastic the action of 
the reagent, the coarser the surface 


finish may be. A smooth sawed or ma- 
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chined surface is usually adequate, 
though grinding and polishing are 
sometimes required to produce finer 
detail. When inspection for surface 
imperfections such as seams, laps or 
checks is the primary purpose, no spe- 
cial preparation is required, as the 
etchant will remove rust and scale. 


Equipment for Macro-Etching 


The principal equipment is a con- 
tainer for the etchant, provision for 
heating the etchant if necessary, a 
ventilating system to contain and carry 
away corrosive fumes, and some means 
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on Macro-Etching 


for washing and drying the sample 

For occasional work with small sam- 
ples, equipment available in most ana- 
lytical chemical laboratories is ade- 
quate—-a glass tray on a hot plate 
under a hood. For production etching, 
however, equipment is needed that will 
give satisfactory service over a long 
period, and hoists or conveyer systems 
are commonly used to minimize han- 
dling problems. The installation should 
have a covering hood equipped with a 
forced exhaust system to remove the 
corrosive fumes. A spray nozzle or 
shower head should be located near the 
etch tank as a safety measure for use 
if a worker gets acid on himself 

Etch Tanks. Dishes or trays made 
of porcelain, pyrex glass or corrosion- 
resistant alloy can be used. For large 
production installations, three types of 
construction are most common (1) 
tanks molded from a mixture of special 
acid-digested asbestos or graphite filler 
and synthetic resin; (2) steel tanks 
coated with rubber or synthetic resin 
and lined with properly bonded acid- 
resistant brick or carbon brick; and (3) 
corrosion-resistant metal. Nonmetallic 
construction is more common than 
metal. When metal is used, lead is most 
common for resisting sulfuric acid solu- 
tions, and high-nickel alloy or high- 
silicon iron for muriatic acid (HCl) 
For resisting sulfuric or muriatic acid, 
or both, a nickel-molybdenum-base al- 
loy can be used 

Rinse Tanks can be of the same ma- 
terial and interchangeable with etch 
tanks, or of stoneware or other ceramic 
material 

Neutralizing Bath Tanks. A neutral- 
izing solution such as dilute ammonium 
hydroxide, when used, can be held 
safely in a container made of carbon 
steel sheet 

Hood and Exhaust System. The hood 
and exhaust system can be of treated 
wood, molded asbestos, plastic or steel 
coated with acid-resistant synthetic 
resin. The exhaust system preferably 
consists of a blower to raise the room 
pressure and, adjacent to the stack, 
another blower that delivers air into 
the stack to exhaust the fumes col- 
lected under the hood 

Heating Equipment. Trays may be 
heated by a gas or electric hot plate or 
a steam jacket. Large tanks can be 
heated by a low-pressure steam heat 
exchanger made of corrosion-resistant 
alloy or graphite, or by a steam jet dis 
charging directly into the etching solu- 
tion. The method of heating that is 
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Solution Bath Composition‘*’ 


Hci 50%. in water 
(muriatic or CP) 
Undiluted acid 
HCl4 H.SO, 2 parts sulfuric acid 
1 part muriatice acid 
3 parts water 
by 50 parts muriatic acid 
7 parts sulfuric acid 
18 parts water 
HSO, 10 to 25% in water 
HNO, 2 tw 25°. in water or 
alcohol 
Hc! Undiluted acid 
(muriatic or CP) 
ep: 50% in water 
FeCl. 4 HCI 65 ferric chloride 
195 ml muriatic acid 
5 ml nitric acid 


(a) All acids of concentrated strength; 


for discussion of variations, (c) 


most adaptable or can be controlled 
most effectively in the particular equip- 
ment is usually selected. 

Temperature Control. Temperature 
is usually measured by a mercury ther- 
mometer and the heat source controlled 
manually. 

Plumbing. The necessary piping and 
fittings can be made from ceramics, 
plastics or alloys, as indicated for the 
other acid-resistant equipment 

Acid Disposal. Where large volumes 
of acid are being disposed of, the same 
precautions apply as for the handling 
of pickling solutions 


Etching Solutions 


A 50% solution composed of one part 
of muriatic acid (the commercial grade 
of hydrochloric acid) and one part of 
water is recommended for the general 
macro-etching of carbon and alloy 
steels. However, undiluted hydrochloric 
acid ‘(either muriatic or CP grade) is 
more effective in etching the lower- 
carbon, more highly alloyed construc- 
tional steels, such as 2512, 9310 and 
4320. The undiluted hydrochloric acid 
solution may also be used as a general 
etchant for stainless steels of the 300 
and 400 series. Carbon and alloy steels 
of medium to high carbon content can 


be etched in the 50% muriatic acid 
solution with excellent results 
Another etching solution recom- 


mended for general macro-etching of 
carbon and alloy steels is composed of 
two parts of sulfuric acid, one part of 
muriatic acid and three parts of water. 

To develop the general macrostruc- 
ture, stainless and heat-resisting steels 


oe may be etched in a solution of muri- 
atic acid (195 ml), ferric chloride (65 g) 
“5 and nitric acid (5 ml) at a temperature 
nil of 130 to 160 F, with the advantage of 


a shorter etching time than for un- 
diluted muriatic acid at 160 to 180 F 
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Table I. Etching Solutions and Recommendations for Production-Control Macro-Etching of Steel 


“parts” are by volume 
Water or alcoho! should never be poured into an acid; rather the — 2 
acid should always be poured into the other liquid 
Surface A 


Temp, °F‘ Time”) Surface‘) Purpose, or Characteristic Revealed 


For Carbon and Alloy Steels 


160 to 180 15 to 60 min A or B Segregation, porosity, cracks, inclusions, 
dendrites, flow lines, hardness penetra- 
tion, soft spots, structure, and weld 
examination 

160 to 180 15 to 60 min A or B 

160 to 180 4) to 60 min A Same as above 

160 to 180 30 to 60 min A Same as above 

Room 6 to 24 hr B Same as above 
Room 5 to 30 min Bor C Carburization and decarburization, hard- 
ness penetration, cracks, segregation and 
weld examination 
For Stainless Steels'"’ 

160 to 180 20 to 60 min Aor B Segregation, porosity, cracks, inclusions, 
dendrites, flow lines, structure, and weld 
examination of 400 series and all of 300 
series except those listed below 

160 to 180 1» to 4 hr A or B Same for types 310, 316, 316L, 317 and 330 

160 to 180 20 to 60 min A or B Same for 400 series and all of 300 series 
except those listed below 

160 to 180 ', to6 hr A or B Same for types 310, 316, 316L, 317 and 330 

130 to 160 10 to 20 min A or B Same for various stainless steels 


machined surface; surface B, an average ground surface; surface 
polished surface. (d) After macro-etching, the 300 series 
stainless steels should be rinsed with 10 to 30% nitric acid to 
whiten the surfaces. 


(b) See text 
means a saw-cut or 


Table I gives recommendations for 
production macro-etching of carbon, 
alloy and stainless steels. For routine 
inspection, it is unnecessary to dispose 
of the etching solution after each test, 
but for best results a fresh solution 
should be used for each test or group of 
tests. With stainless steels, spurious 


pitting effects may be obtained when 
using muriatic acid (HCl) contami- 
nated by iron, particularly when cer- 
tain stainless grades (notably 403 and 
410) are etched below the recommended 
temperature. 

Temperature of Acid. For most of 
the reagents used above room temper- 


Alloy Steel Billet Section (Originally 9 by 9 In.) Representing Product from 
Top Location in Ingot. Normal segregate or “carbon spots” and dendritic 
macrostructure. Macro-etched in 50% HCl at 160 to 180 F 
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Surface or Subsurface 
(A) Cracks 
(B) Seams or laps 
(C) Decarburization 
(D) Pinholes 
(E) Segregations 


(a) Pipe 


(c) Bursts 


ature, an etching temperature of 160 
to 180 F is recommended in Table I. At 
a temperature on the lower side of this 
range, the etching reaction should be 
sufficiently vigorous so that the solution 
will not evaporate too rapidly for eco- 
nomical control. However, in produc- 
tion-control etching, the higher tem- 
perature is preferred because it 
decreases the duration of etching. 


Etching Procedure 


The most common procedure is to put 
the prepared specimens directly into 
the heated solution, with the surface 
to be examined either face up or verti- 
cal to permit the gas generated during 
etching to escape freely. Nonuniform 
etching will result if the specimens 
overlap or if they are racked too close 
together. Large billet or bloom sections 
require a long period to reach the 
temperature of the etching solution. 
For maximum uniformity or where a 
large volume of samples are to be 
etched in a relatively small volume of 
acid, it is advisable to preheat the 
samples in a water bath to the same 
temperature as the etching solution. 
This permits more precise control of 
etching time and simplifies control of 
solution temperature 

Duration of Etching depends on the 
type of steel, surface condition and 


physical condition of the sample. For 
best reproducibility of results with a 
large number of samples, the time 


should be measured and should not 
vary from batch to batch. Unless the 
sample is etched long enough, it will 
not reveal all the information desired; 
if etching continues too long, some of 
the more delicate details of structure 


Internal Cracks (Thermal Flakes) in Alloy Steel. 5/6 size. 
HCI at 160 to 180 F 


Etched in 50% 


Table Ul. Principal Macro-Etch Observations to Be Recorded for Semifinished 
Steel Products 


Center or Central Area 
(b) Porosity 


(d) Segregations 


General 
(a) Flakes or cooling cracks 
(B) Dendritic pattern 
(y) Ingot pattern 
(5) Grain size 


will be masked or obliterated by the 
general destruction of the surface 


The durations of etching recom- 
mended in Table I are for average 
results on annealed specimens. The 


time actually required to develop the 
desired results in a particular test can 
be determined by examining the sam- 
ple frequently as etching proceeds 
Marked variations in the susceptibility 
to attack by the acid solution will be 


found among different heats of steel 
and with different methods of heat 
treatment. Susceptibility to attack also 


varies with the position of the sample 
in the ingot ‘(which determines the 
amount of segregation) and with the 
machined finish of the surface. Resul- 
furized steels of the carbon, alloy and 
stainless grades usually etch very 
rapidly. Some austenitic stainless 
grades, especially those containing mo- 
lybdenum, may require etching for 
several hours when undiluted muriatic 
acid only is used to develop the 
macrostructure 

Preservation of the Sample. After the 
sample has been properly etched, it 
should be removed from the hot acid 
and washed thoroughly under running 
water, then scrubbed with a stiff fiber 
brush to remove the deposit of “smut” 
from the surface, rinsed again and 
dried by air blast or by blotting with 
paper or cloth towels. Immersion in 
the acid for a few minutes after scrub- 
bing results in better definition, espe- 
cially for flow lines 

As a temporary 
rust, the etched 


means of avoiding 
specimen may be 


rinsed in water, dipped in a dilute al- 
(such as aqueous am- 
the 


kaline solution 


monium hydroxide) to neutralize 


able. Carbon steel 


Very Bad Surface Seams. Center condition barely accept- 


remaining traces of acid, and washed 
in hot water. For longer preservation, 
the dried specimen should be covered 
with a thin film of transparent plastic, 


clear lacquer or oil. The spray-type 
packaged plastics provide the most 
convenient method of applying this 


protective film. The plastic, lacquer or 
oil should be removed when the macro- 
etched specimen is to be studied 
further 

Rusting can be delayed temporarily 
and some rust may be removed from 
dried specimens by application of a 
50-50 solution of phosphoric acid and 
water. The excess solution may be 
blotted up with cloth or paper towels 
Caution is recommended in the use of 
this technique because the strone acid 
solution will roughen the hands and 
disintegrate cloth if allowed to remain 
in contact for an extended time 


Recording of Results 


In recording the results of macro- 
etch inspection, the observed conditions 
may be grouped according to type and 
location. The record should include full 
information as to the type and compo- 


sition of the steel, the cross-sectional 
dimensions and a description of the 
conditions or defects observed 


Table II gives a suggested check list 
for use in recording macro-etch obser- 
vations. The defects or conditions may 
be further coded to indicate degrees of 
severity and applicability to particular 
parts or uses 


Interpretation of Results 


The results obtained on properly 
etched specimens are of great value if 


interpreted correctly. Surface seams, 
internal cracks and pipe are easily 
recognized. Incorrect interpretation of 


the evidences of segregation and den- 
dritic structure, as revealed by macro- 
etching, may cause expensive errors 
and needless rejection of metal. For 
instance, every pit does not indicate an 
inclusion or evidence of an undesirable 
condition, since pitting may result from 


5/6 size. Etched 50% HCl, 160 to 180 F 
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Slag Inclusions (White) and Porosity 
in Carbon Steel. '» size. Etched in 
50% HCl at 160 to 180 F 


the use of partially spent acid or from 
attack around normal! carbide particles. 
Irreguiar etching effects, such as 
blotchiness or pitting, may be obtained 
if the surface being etched has retained 
oil or grease, was smeared or cold 
worked in machining, was protected 
from the etchant by contact with other 
specimens in the bath, or if the etching 
solution was dirty or contaminated. 

Macro-etch results can be interpreted 
only in terms of the type and grade of 
stee! being inspected. Rimmed, semi- 
killed and killed steels will exhibit 
characteristics of the manufacturing 
methods. Poor control of either bath 
temperature or duration of etching will 
greatly affect the characteristics of the 
etched surfaces. When questionable 
results are obtained, it is good practice 
to remachine the surface and etch in a 
fresh solution under carefully con- 
trolled conditions. 

Most of the conditions that are de- 
scribed below are illustrated by the 
accompanying macrographs. 

Cracks from Etching. Before etching, 
hardened or otherwise highly stressed 
steels should be tempered sufficiently to 
prevent cracking since, without this 
precaution, sound steel may crack in 


Pipe Defect in Billet Product Portion 


of Ingot. Macro-etched in 50% HCl at 
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the etching solution and thus lead to 
false conclusions. 

Grinding Cracks can be distinguished 
easily in a short-time macro-etch test 
and are usually, but not always, identi- 
fled by a pattern of some symmetry. 
Again it must be emphasized that 
hardened pieces should be softened by 
tempering before hot etching 

Surface Cracks. As revealed by 
macro-etching, surface cracks usually 
follow an irregular path and may result 
from wrong handling during heating, 
forging, rolling or cooling from finish- 
ing temperature. On heat treated steel, 
surface cracks may be caused by in- 
correct treatment, improper grinding, 
surface decarburization or surface 
stresses. 

Seams and Laps in rolled steel are of 
varying depth and usually extend in a 
straight path parallel to the direction 
of rolling. In forged steel, seams gen- 
erally follow the contour of the forg- 
ing and the flow of the metal 

Center Porosity. If porosity at the 
center is the result of an actual dis- 
continuity within the metal, it may be 
evident before etching. Usually, how- 
ever, the porosity is not evident until 
the metal has been etched. This con- 
dition may be found in widely varying 
degrees, and the interpretation of its 
relation to quality should include con- 
sideration of the grade of steel and 
cross-sectional dimensions of the prod- 
uct represented. For example, the con- 
ditions observed in a 12 by 12-in. bloom 
may be more pronounced than in small 
sections. 

Pipe and Bursts. Pipe is an internal 
shrinkage cavity formed during solidi- 
fication of ingots of fully deoxidized 
steel, It may be carried through the 
various manufacturing processes to the 
finished product. Pipe is invariably as- 
sociated with segregated impurities, 
which are deeply attacked by the etch- 
ing reagent. Cavities in the center that 
are not associated with deeply etched 
impurities are often mistaken for pipe, 
but such cavities can usually be traced 
to bursts caused by incorrect processing 
of the steel during forging or rolling. 
Either pipe or bursts should be visible 
after deep etching; they can generally 


to 180 F 


Pin Holes and Subsurface Porosit 
Location in Ingot. Macro-etched in 


be distinguished from each other by 
the degree of sponginess surrounding 
the defect. Piped metal usually shows 
considerably more sponginess than 
burst metal. 

Nonmetallic Inclusions, Metallic Seg- 
regations and Pinholes. Although non- 
metallic inclusions usually appear as 
pits or pinholes, they must not be con- 
fused with pits that result from etching 
out metallic segregations or from varia- 
tions in etching procedure. When non- 
metallic inclusions are suspected in 
highly alloyed steels that may contain 
metallic segregations, a comparison 
should be made of an annealed speci- 
men and a hardened and tempered 
specimen etched in the same way. If 
the etching pits are the result of non- 
metallic inclusions, they will appear 
similar in both the annealed and the 
hardened specimens. If they are the 
result of metallic segregation, they will 
differ in appearance 

Although macro-etching may furnish 
a good indication of the cleanliness of 
the steel, it is preferable to make re- 
search studies by metallography if in- 
formation is desired regarding the 
character of nonmetallic inclusions 
that may be present 

Segregations are revealed by differ- 
ences in the severity of the acid attack 
on the affected areas. Segregations at 
the center may be attacked so deeply 
after etching that they appear as a 
pipe, or the segregations may be 
grouped in some fairly regular form 
about the center, depending on the 
shape of the ingot and the mechanical 
work done on it. 

Segregation, as revealed by macro- 
etching, is not always an indication of 
defective metal. A polished specimen 
should be examined under the micro- 
scope to determine whether the re- 
vealed segregation is metallic or a 
concentration of impurities. The micro- 
scopic identification of segregation may 
be supplemented by chemical or other 
means of testing. 

Internal Cracks, sometimes called 
“flakes”, “cooling cracks” or “thermal 
cracks”, can be detected by the macro- 
etch test, and their identity can be 
verified by a fracture test of a hardened 
specimen in which the cracks are re- 
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vealed as bright crystalline spots. 

Dendritic Structure. Etching often 
reveals a dendritic structure that re- 
sults from the crystalline characteris- 
tics of the ingot. Dendritic structure is 
detected even in steel that has been 
subjected to repeated mechanical re- 
duction. This is not detrimental, pro- 
vided the steel has been worked enough 
and provided the segregation accom- 
panying the dendritic structure is not 
in the form of nonmetallic inclusions. 

Ingot Pattern. The conditions lead- 
ing to the formation of ingot pattern 
develop during solidification of the 
ingot. The pattern appears as a zone 
of demarcation between the columnar 
and heterogeneous regions of ingot 
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Special Techniques 


In addition to the routine use of 
macro-etching as a guide to quality 
control of semifinished steel in produc- 
tion, several more specialized uses of 
macro-etching methods are common, 
as indicated in the following discussion 
of specific conditions. 

Overheating of Steel. Overheated 
steel forgings will display a network 
structure on the as-forged surface re- 
sembling fine chicken wire when etched 
in 1 part muriatic acid to 1 part water 
at 160 to 180 F. For best results the 
forgings should not be cleaned by shot, 
grit or sandblasting before etching. 
Results should be verified by examining 


Ingot Pattern in Low-Carbon Alloy Steel. 3/5 size. Etched in 50% HCl 


solidification, which may persist dur- 
ing reduction of the ingot to billets and 
bars. Because inclusion material, par- 
ticularly sulfides, may segregate to a 
minor degree in this region, macro- 
etching may reveal the presence of 
ingot pattern through preferential 
etching effects. In the absence of large 
amounts of sulfide and silicate inclu- 
sions, ingot pattern is of no serious 
consequence. 

Grain Size. Macro-etching can be 
used to reveal areas of excessive grain 
size in some highly alloyed steels. It is 
not used for routine determination of 
grain size in the standard carbon and 
alloy steels. 

Decarburization and Carburization. 
Ordinarily areas that have been either 
decarburized or carburized etch differ- 
ently from the remainder of the speci- 
men. The chief difference is in color: 
decarburized parts appear lighter and 
carburized parts darker. 

If the section to be examined is small 
enough, it can be given a metallo- 
graphic polish and can then be etched 
cold for 5 to 30 sec in nital (3% nitric 
acid, 97% alcohol). This will usually 


result in excellent contrast and, if the 
polish is good enough, the same speci- 
men can be examined microscopically 
as well as visually. 


a fractured section for facets after 
normalizing, quenching and tempering. 

Flow Lines, indicating the direction 
in which the steel was hot worked, have 
become a part of the engineering speci- 
fications for certain designs of forgings 
and other parts—especially for aircraft 
engine components. The longitudinal 
face on which the flow lines are to be 
developed should have a smooth ground 
surface. Best results are obtained by 
using a fresh solution of 1 part muri- 
atic acid to 1 part water at 160 to 180 P. 

Temperature must be closely con- 
trolled because too violent attack will 
pit and roughen the ground surface so 
severely that flow lines may become 
obliterated. 

The specimen should be removed 
from the bath frequently to observe the 
progress of etching. The usual practice 
is to scrub the etched surface with a 
brush or cloth under running water to 


Induction Hardened Case on a 


Forged Camshajt of 5046 Alloy Steel 
% size 


Etched in 15% ammonium 
persulfate in water 


remove the smut produced by the etch- 
ing action; however, the flow lines 
sometimes show more clearly if the 
smut is left on 

A 10 to 12% solution of ammonium 
persulfate at room temperature is also 
used for revealing flow lines 

Difference in Structure can be re- 
vealed on a smoothly ground surface by 
use of a fresh solution of 10 to 20% 
ammonium persulfate in water at room 
temperature 

A light scrubbing action with a cot- 
ton swab soaked with the etching solu- 
tion gives the best contrast and will 
reveal: the zone produced by induction 
hardening, flame hardening or carbu- 
rizing; the grain size and structure in 
welded sections; decarburized areas; 
and qualitative ferritic grain size in 
normalized steel forgings 

Tempering from Grinding or Soft 
Spots from Inadequate Quenching can 
be revealed on a smoothly ground sur- 
face by a two-solution sequence: 
1 5% 
2 50% 


nitric acid (conc) in water 
hydrochloric acid (conc) in 
water 


The specimen is first washed in hot 
water, then etched in solution 1 until 
black; washed in hot water, immersed 
in solution 2 for 3 sec; washed in hot 
water and dried in an air blast 

The presence of lighter or darker 
areas indicates that structure and 
hardness have been altered in grinding 
Soft spots, which often result during 
the hardening of carbon or low-alloy 
tool steels, can generally be distin- 
guished by this method 

Dendritic Structure present in cast 
steel and persisting in wrought steels 
may be revealed by the use of Ober- 

hoffer’s reagent, which has the fol- 

lowing composition: 


ferric chloride (FeC\,) 
1 g cupric chloride (CuCl) 
stannous chloride (SnCl,) 
50 ml murtatic acid (HCl) 
500 mil ethyl alcohol 
mil water 


Welding Effects in Stainless Steel. Conditions shown are entirely satisfactor 


Magnification about 2% » 


Etched in the “weld etch” containing HCl, FeCl,, 
HNO, and (NH,),S,O, in water (see tert) 
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A polished section is etched by im- 
mersion for 30 sec to 2 min, Continuing 
the etching for too long a period de- 
posits an excessive amount of copper, 
which may obliterate the details of the 
dendritic structure 

After a prior etch with 10% nitric 
acid in ethy! alcohol (10% nital), den- 
dritic structure may be revealed by use 


Etching requires immersion of the 
polished face for 10 to 15 sec. Polished 
sections of wrought iron and 1213 steel, 
for example, show a clear delineation of 
phosphorus segregate areas with a 15- 
sec etching period. 

Stead’s reagent No. 2, which contains 
five times as much cupric chloride, has 
the following composition: 


reagents permits 


copper 


thus obscuring the presence of the seg- 
regate. Stead’s No. 1 reagent in particu- 


lar is sensitive to concentration, 


excessive evaporation of the ethy! al- 


cohol in this solution results in no de- 
position of copper during etching for 


deposition 
even in phosphorus-segregated areas, 


and 


the prescribed period. 


Recrystallization Structures of Weld- 
ments and grain flow patterns in stain- 


of another etchant, which contains: 


cupric chloride (CuCl) 


ferric chloride (FeCl,) magnesium chloride (MgCl,) 


eupric chloride (CuCl) 1 ml muriatie acid (HCl) less steels are revealed by etching at 
2 40 ml muriatic acid (HCl) 20 ml water room temperature in Marble’s reagent: 
500 ml water 100 mil ethyl alcohol 


re 


The surface, which may either be 
smoothly ground through 00 emery 
paper or have a metallographic polish, 
is first etched with 10% nital for 10 
to 20 sec, washed and dried. It is then 
immersed in the ferric chloride — cupric 
chloride reagent (Dickenson’s reagent) 
for 15 to 30 sec. The dendritic pattern 
that is developed by this etching is 
revealed by visual examination in 
incident light. 

Sulfur Segregation. In an ingot, forg- 
ing or hot rolled product the distribu- 
tion of sulfur may be revealed by sulfur 
printing. The section to be printed 
should have a smoothly ground surface 
or a metallographic polish. Ordinary 
sensitized photographic silver bromide 
paper, preferably with a semimatte 
finish, is soaked in 2% sulfuric acid. 
The emulsion side of the paper is ap- 
plied for 1 to 2 min to the prepared 
surface being investigated. The paper 
should not be moved after making con- 
tact with the specimen. Air bubbles 
should be rubbed out carefully with a 
roller or squeegee. The paper should be 
rinsed with water after removal from 
the specimen, fixed in a hypo solution, 
washed thoroughly and dried. 

The brown pattern of silver sulfide 
formed on the paper indicates the rela- 
tive distribution of sulfur as sulfide in- 
clusions in the steel. The best results 
are obtained only on first or second 
prints made from a surface. 

Phosphorus Segregation can be re- 
vealed by etching reagents that, when 
properly used, will deposit copper se- 
lectively on areas low in phosphorus. 

Stead’s reagent No. 1 contains: 

lg cupric chloride (CuCl) 

magnesium chloride (MgCl,) 
muriatic acid (HCl) 
ethyl alcohol 
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Etching of a polished surface requires 
immersion. The No. 2 reagent etches 
more rapidly than No. 1; for example, 
an etching period of 5 sec will reveal 
phosphorus segregate areas in wrought 
iron 

Too long an etching period with these 


Grain Flow Resulting from Forging of Gear Blank 
50% HCl at 160 to 180 F 


day 


4¢@ cupric sulfate (CuSO,) 
(HCl) 


20 mil 


20 ml water 


The surface to be etched should be 
smoothly ground. The specimen must 
be immersed in the solution for 1 to 2 


muriatic acid 


hr to develop the structure of both the 
weld metal and grain flow. 
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Localized Coarse Grain in High-Alloy Steel. Diameter of part approximately 15% in. Etched in ferric 
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control of temperature 177 
correlation, constant and 
creep behavior and notch en (F) | 
creep rate vs time of test (F) ...... : 
eyclic loading (F, T) .......-. 182 
design curve, low-carbon N-i55 
effect of test atmosphere ............ 184 
elastic strain measurement ......... 175 
extensometer system, 
measurement (F) .... 178 


extrapolation of data .. 
ps an 


intermittent and 

heating (¥, T) 
load measurement ...........+ 
mintmum data to be repo 
notch-strengthened materials (F 


notch-weakened materials (F) ...... 182 
notched specimens, rupture 

Plastic strain measurement .......... 7 
plotting of curves ......... 


relaxation tests (F asses 
secondary creep rate ..... 


ent method ......... 178 
strength vs temperature (F) ........ 181 


res 182 
stress vs rupture time for 18-8 ) . . 19 
stress vs temperature (F) ........ 
temperature control circuit (F} 178 
termperature measurement and 

178 
use of data on creep and rupture 186-181 

e also Creep Tests 
Cups, percentage "seduction, ll 
Cups, drawn, selection of steel ....... . = 


selection of forming die 
Cutting tools, hard chromium ce 
Cyanide plating baths ............... 
Cylinder bores, 
recommended 


roughness values ..... 85 
D 
easing solutions, cost of 

Dendritic structure, detection of 

in iron and steel] ............ ++ 199, 200 
Design, 

aluminum alloy GAD cvvcved 50-63 

Closed-die forgings (A) 

colls for induction heating ......... 110 


hot upset forgings ............. 
~ and use of 1, 188, 196 

vs ature 

(botler code) (F) 181 


Design of closed-die forgings (A) ....65-75 
Design of springs (A) .......66cccuss 76-81 
Design of steel forgings, 

broaching tolerance and allowance 


coon 
Gratt tolerance (T) 66 
fillet and corner radii (F) ..... aveans 67 


holes and cavities (F) 


66 
hot extrusion forgings, allowances 73-74 
forgings, design 


net piercing allowance and 
tolerance (F 


hot shearing (PF) 

hot pest forgings. tolerances ( 

length and location tolerances 

allowance computa- 

rib and boss height........... 

shape limitations T)...... 


stock allowance for forgings 
tolerance (T) 


tolerances, evaluation (T) ........... 
trim tolerance (T) 68-69 
upset forgings ......... 
Dew point, 
carbon restoration during 


charcoal-base 
control of ca m potential 


139, 
‘ect On atmosphere sampling....... 
endothermic-base 

for carburizing (T) eevee 
heat treating tool steels.............. 


nitrogen-base gas for (T) 
vs percentage iF 43 
vs surface carbon (F). = 


Dickenson’s reagent 
castings, ta 
Dies. 
vs finish of surface 87 
Dies for press forming (A).. 12-20 
4140, selection of ........... 


cast iron, selection of type.. 
cast steel, selection of type.........+> 
costs, tools of different (tT). 17 
forming severity vs 5 tool 
variables (T) 
galling prevention .......... 
galling resistance rating (T) 
ay iron, selection of type.. 
t rolled steel, selection of.. 
material vs galling prevention cae 
material vs lubrication used (T 


prevention of galling 
uantity vs tooling variables (T).. «is 
theet th thickness vs material 
recommended (T) oo 
sheet thickness vs quantity vs 
material 13 
size of part vs material 
recommended (T) 13-16 


| Castings, gray iron ium steel spring wire Creep tests 
st 
23-25 
34-35 
Co Zi, 22 
33 
33 87 
36 
2-20 
35 105 
28 97 
28 Ce 
36 
33 
25 
36 
36 
25 
35 
ha 34 . 
h , 
in 
in 
290 exam rede 1-73 
4 extru nf 75 
23 
he inces 
3-14 
69 
r) 133 
‘ 
tendencies (T) deste 
composition for rose 133 
cost of carburizing (T 
...... 133 : 
4 
176, 177 
i77 
184 
176 
= 
anadium 


Dies for press forming 

size of part vs quantity vs 

stamping finish vs tool wwartabies (T)ie— 
stamping tolerance vs too. 

tool steel, selection of type.. ..18, 19 
tooling cost with different 

work metal vs tooling variables (T) 1 


ensio a 

Drawing, 

“Feduction percentage (F) 
redu os 

selection of material for dies ( Doce 


resistance, 
of electroplated Coatings 
trical resistance alloys, 
stress relief, time and 


temperature (T) ...... 
types used in creep testing heat 


Electrodes, selection of (A)—See also, 
Welding electrodes .......... | 
alkaline cleaning 
Electropiated coatings (A). 


copper- -nickel-chromium 101 
nickel-chromiumM 108 
nickel-copp kel-chromi 
zine . 

Electroplating, 


sheet stee] surface rou 
Electropiating of nickel...... 
residua! stress and ee vs 
variables (F) ... 
Electroplating standards ..... 


100 
residual stress in 04 
ghness values 


Emulsion cleaning, cost 169-1 
Endothermic-base atmosphere......132, 144 
brazing of 1 
earbon restoration during anneaiing. 148 

carburizing- 


cost of carburizing (T) ......... 
sintering iron-carbon parts. . 
tool steels .... 
Epoxy plastic tooling materia 
selection for stampings 
selection for forming dies............. 20 
selection for press forming dies (A) 12-20 
Etch tanks for macro-etching.......... 198 
Etching solutions for macro- 
bath compositions (T)..... 
carbon and alloy steels (T) 
Dickenson’s reagent . 
Marbie’'s reagent 
Oberhoffer's 
stainless steels (T). 
Stead’s reagent 
Equilibrium 
carburizing-decarburizing 


ata for gas 


tendencies (T) is 
dew poins TE) 
Extension dies, 


performance vs surface 
Extension springs, design 
Extrusion forgings, dehnitions (FP)... 


Fasteners, zinc plated 
Fasteners, threaded, 


cadmium plated ........... 
Fatigue, 
aluminum permanent mold 


aluminum sand castings (F)........88, 61 
aring surface waviness vs. 
failure and redesign (F, T).. 
forged surtece (F. T) 
ound surface (F. T) ... oak 
igh temperature (F) ........ 183, 
hot rolled surface (F. T) 
improvement of, stress relief vs 


induction hardened | pert 


84 
72 


machined surface 
spring steels (F) 
springs (T. F) 
springs, hot wound (PF) ..... 
vs prior structure, induction 
hardening 
Paticue strencth, 
aluminum permanent mold 
castings (F) 


alurninum sand castings (F)........89, 61 
for various surfaces (¥F, T 
vs residual stress, 


5147 shot peened @ 


roughness (A)........ 


Finishing, 

method vs surface roughness (F)...#4, 87 
sheet steel surface roughness. . 2» 
surface finish (A) 

PFire-cracking, residual stress. 

Flame hardening, (A) ....... 124-131 
application of method 1” 
approved practices for using fuels... 128 
burner construction 

126, 127 


carbon steel, selection 
combination 

combustion of common 125 
contour hardening im 
control of process 


variables (T,F) 130, 131 
costs (7) 128, 129 
depth of hardness (F)....... . 124, 125, 131 
equipment, components and 

construction 


fuel gas consumption rate (T)....... ins 


common fuels (T) ....... 
localized or spot (FP)... 
operating procedure (T, 130, 131 
overlapping in progressive 

preheatin a 

Properties vs heating and 

quenching ........... ABO, 181 
refractories in 
safety in handling 4 

using fuels ... 
steel .... 
soft spots in p 

hardening ........ 


spinning method 
spot hardening (F) 
surface defects, invitations (T).. 


heating time (T) ........ 
Flame tempering ° 
Forging of tool steel (A)... 
machining allowance (T) 


overheating (F) 
Porgings, 


allowances . ees 


selection of steel...... «+. 10-72, 3 
tolerances 66-7 


Formability of sheet steel (A).........1-12 
Forming, sheet 


Olsen cup values (T) 

stretch in stam 

thickness varia effect of... 
dies, 

and tryout for 

low scrap .. 

selection of material (A)... 

Porming temperature for 


steel springs (T)....... 
Foundry rejection cost, 
gray iron (F,T)....... 


Fracturing of metals, 
due to residual stress (F)....... 
Free-machining steel, 
forgeability .......... 3B 
induction hardening 
welding and electrode 
selection (T) ABO, 100 
Friction, 
BA 
effect of surface roughness @). 


hardened steel (F) 


Fuel gases 
approved practices for 
handling fuels ........ 
consumption rate in fame 128 


hardening (T) 
flame hardening. 
combustion data (T) 125 
heating time of common fuels (TP). 125 
safety in using fuels 128 


G 


Galvanic corrosion ..... 


Galvanized 
welding of 


Gas carburizing (A) ... 
atmosphere control .. 
carbon gradients 
carbon sources .... 
carrier gases .. 
case depth ... 
om depth vs carburizing 
continuous furnaces ... 
cost example with 
batch furnaces (T) 
dimensional changes after 
treatment CF) 
efficiency in batch 
equilibrium constants .... ii, 
equilibrium daia, 
application of (A) 
ases 
omogeneous eves 
loading methods (F) ..... 
maintenance of equipment . 
procedure for liquids 7; 136 


procedure for propane (T).........«. 136 

Gases, 

butane . 


endothermic-base 
exothermic-base . 
hydrocarbon gases” 


Gasketing, general rules (F)...... 
Giass-plastic combinations for 

toolin 


Grain size in sheet steel............... 
Graphite flakes in gray iron (¥)..::.. 
annealing, effect on class 35..... 
application examples .. 
applications based on least. cost... 
applications for 900 F(T)... 
as-cast test-bar properties 
carbon content and tensile 
carbon content vs fluidity (FP): 
carbon equivalent vs 
interna 
castability 
Casting properties 
compositions for ASTM A4é 
cose 
composition vs internal porosity..... 
composition vs strength and 
section (T) 
oon ressive strength 
ling rete and 


cost factors evaluated (T)........«.;, 22 
dimensional stability (T) ......««s. 32-4 
fatigue limit vs temperature (F).. 28 
flame hardening 
fluidity vs carbon content 2a 


hardenability (T) 
hardness, in¢@uction 

hardness measurement (F) 
25 


hardness, production 

variations (F) 
hardness vs section (F) ............ a4 
hardness vs shakeout practice (T)... 34 


heat treatment 36 
internal porosity vs 
earbon equivalent (FF) 


machinability ve 
class of iron 
mac ning. effect of 
machining cost (F) 
minimum section 
modulus of elasticity (ti: 
notch sensitivity 
residual stress, effect on 
machining 
section sensitivity (F,T) 
section size, recommended 
minimum (T) sor 
selection for flame hardening... 
selection for forming dies.. 1 
selection for press forming 
dies (A) 
selection for wear resistance covece 
selection of specification 
shakeout practice vs com sition. . 
shakeout practice vs hardness (T).. 
shrinkage 
specimen diameter vs strength 


=. 


statistical range of properties <P)... 
strength of bars va castings (T).... 
strength va section (F, T) 
stress relief T) 
stress-strain for three classes 
of tron (F) TT 
casece 
test bar evaluation of 
casting properties 
volume-to-area ratio (T. F) 
wear resistance 
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Fillet welds, 
| | 
> 
| E 
i 
he 
2 
2 
2 
125 
125 
22 
28 
Flan fue Asses 
| 
24 
277 4 
69 
stati . lynamic vs roughness 
valve (F) & 
vs roughness (F) 
50. 61 
89, 


Grinding, finish 
residual stress 


roughness vs finishing time 
surface roughness vs 
waviness produced, mple ene 
cracks in tool at steel (F).. 


Hamner forgings, Gesign (A) 
Hard chromium 


piating for 


dies to proves wear and 
ward drawn» 
drawn steci ‘spring wire....... 
cost 


F) 
initial tension (F) 
specifications (T) 
tensile strength vs diameter (T)..... 

Hardenability 
1035, induction hardened .......... 121 
TS14B35, induction hardened 
grain size, induction hardened (#).. 117 
tnrough induction hardening 
Hardening, imduction, (A). 107-123 
temperatures, hardness (T)....... 116, 117 
Hardening of tool steei 153-156 
Hardening temperature, 


induction hardening (T) ..... e116, 117 
Bardness, test for evaluating 
146, 147 
measurement of gray iron 
Hardness of 
induction hardened . 116 
Hazards with 
earburizin coc 14 
flame harden equipment....... 127-128 
furnace 
190 
voltage x-ray apparatus. 
Heat-resisting alloys, 
N-155 alloy, sheet (T) 
ereep and creep-rupture tests 


creep-rupture strength, 
19-9 DL, notehed, unnotched (F).. 182 
Haynes alloy 88, 
notched, unnotched (F)...... 182 
Inconel X, sheet (T) .. 
Heat transfer, 
vs surface roughness of 


Heat treating, 
flame hardening (A) 
grain size, in uction hardened 
{nduetion hardening 
duction tem 


quenching distc rtion CH) 
residual stress pattern 89-91 
Heat treating of tool steel (A)...... 151-157 


austenitizing temperatures (T)...152, 153 
decarburization ratings (T) ......... 1 

hardening practic@ 153-156 
hardening temperatures (T) ........ 156 
interrupted quenching 156 
isothermal annealing (T) ........«.. 153 
multiple tempering 157 


preheating 
e 


stress relieving .......... 
156 
Heating, induction (A) ........... 


steel springs, design (A). 16-81 
High-carbon, high-chromium 
i steel, selection for press 


forming dies (A) .......... 12-20 
High carbon steel 
springs, hot and cold wound...... 76-81 


Honing, Anishing mote vs 
surface roughness (FPF)... 
surface roughness vs finishing 
Hot extrusion design.. 
mechanical prope 
orientation 
miamatoh (F) 
size limite (T) 
Hot heaGing, des! 
Hot rolled mild 


galling resistance rating (Rbicasacss 19 
selection for press forming (A) 12-20 
Hot spray alkaline cleaning, 
Hot spray emulsion cleaning, 
169-173 
wes tank alkaline cleaning, 
Mot tani fmutston cleaning, 
moe upset forsings, allowances....... 73,74 
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Hot-upset for 
fillet design 
machining 
mismatch (F) 


shape 


heat treatment (T) ..........- 
Hydrocarbon gases, 
carburizing practices .......... 135-126 
Hydrocarbon gases for 
carburizing 132, 133 
Hydrocarbon liquids, 
carburizing practices ............ 136, 136 
Hydrogen atmosphere, 
razing of steel ......... scecdosendes 150 
stainless steel .......... 150 
Hydrogen embrittiemert vi, 100, 105 
Inclusions, detection of 
in iron and steei ..... 
Induction hardening, 
accessory equipment ..............- . 112 
air gap and coil design (F) ...... 111-112 
austenitic grain size, time, 
temperature (FF) 117 


automatic hardening on screw 
machines (F) 14 
autotransformer and capacitor 


matching ... 
capacitors .... 


carbides, distribution of 


carbon content 


case contour control 


107, 112, 113 
vs hardness (F)..... 117 


case contour vs heating time (F).... 118 
case contour vs inductor design (F) 119 
case depth, effect of frequency (T) 118 
case depth, prection minimum (T) 118 


case depth, t 


eoretical minimum (T} 118 


case depth and contour .............- 118 
case depth vs heating time (F)...... 118 
case depth vs my A rate (F)..... 1 
case hardness, effect of 

118 
coil design and impedance 

.110, 112, 113 
conductor size in coil 


contro) limits c 
coupling variat 


of depth and contour 120 


1 
depth vs frequency vs part size (T) 100 
depth vs power, frequency and 


efficiency of through heating........ 121 
efficiency vs frequency vs 

109 
equipment selection ........ ~ 407-115, 121 
fire hazard in 114 
frequency selection 107-109 
frequency vs depth v 

part size (T) ......++..- 109 
gear tooth hardening ......... iid, 121 


grain size vs ti 

temperature 
hardening time 
hardness, maxi 


hardness gradient (F), and 


control 


heating time control 


me and 
and tem 
mum (F 


impedance matching, 


multiturn coi 


matching impedance ...... 


matching multi 
microstructure 
response (F) 


power selection 


power source selection (T 


Is 


ple loads .. 
vs hardening 


preventive maintenance .......... 115, 116 
prior structure ot steel ........... 
quenching arrengements ......... 111, 114 
cycle comtrol 11 
ratings of equipment (T)............ 1 
residual stress (F) ........ , 119, 120 
scanning or traverse hardenin 108-11 
scanning rate ve case depth ( a, aa 
selection of equipment........ 107-115, 121 
selection Of 11 

ark-gap equipment (T) ........ 107-109 

structure, power and 

frequency vs depth (T)............ 109 
temperature influence on 

impedance matching .............. 113 
temperature vs time and 

tempering by incomplete 115 
through hardening ............... 
equipment 


har 
time vs temperature and 


tolerance on depth and 

transformer matching of 
transformer ratio selection (T) 
vacuum tube equipment (T). toi i66, 113 
vacuum tube equipment 


voltage regulation 115 
water treatment and control......... 115 

— hardening and tempering 
107-123 
tempe ring, 
coil design vs voltage and 

control and control accessories...... 123 


wiring diagrams 


selection of equipment (T).......... 122 
selection of tempering cycie........ 1233 
selective tempering 122 
tempering temperature 

temperin tine conversion 


123 
Industzial corrosion of (T) 100 
Ingot pattern, detection of 


Inspection 

macro-etchi (A) sete 

radiography (A) 185-194 
Instruments, 

surface finish measurement (F)....#2, 83 


Imtermal stress (A) 


Interrupted quenching of tool steel... 156 
Investment castings, 


dete e compressor 
aluminum, short-time tensi, 
propertios (FT) 58 


Jet engine rear frame, aluminum 

casting, properties in casting (F,T). %8 
Joints sealed, surface 

finish ( 
Journal bearing 

recommend roughness values... .#4, 85 


kK 
Killed steel, 
ren ogee pe 7.8 
selection for stampings .............+. 1-11 
Kirksite 
selection for forming dies (A)...... 12-20 
L 


meted vs surface 
roughness (F) 

surface 
Laps, detection of in iron and stee 
Lead-tin coatings for 
liquidus temperature for gray iron... 23 
Locked-up stress (A) “89-96 
Low-carbon steel, 


stampings, selection 1-11 
welding, selection of electrode 


Low-temperature impact strength, 
selection of welding electrodes 
Lubrication of bearings, ‘shot 
peening to prescribed roughness..... BS 
Luders lines 


nability of gray iron, 
cutting vs microstructure 


nalty thin sections ........... . 
reatment for machinability ........ 30, 36 
Machine forgings, design ............. 73-15 


Machining, 
allowances for 69 
allowances for t eel blanks (T) 154 
roaching stock allowance for 


cost, for gray iron castings (F)...... 22 
cutting speed vs roughness 

cutting poeee vs structure of 
» 

ect of residual stress in 

33-4 
lathe tool design vs 

finish prosuced 86 
machinability vs class of 

22 
method vs surface (PF)... 87 
penalties for thin gray iron 


87 
86 
G 57 
H 
13- 
4 77, 
— 
j 
117 
117 
117 
ad 
ind wie-turn ........111, 112, 113 
} ma f equipment.......115, 116 
 ...... 112-113 
motor-generator (T). 107-108 
power density control ............... 115 
power, frequency and 
structure ve depth (T)............. 
4,87 109 
4, 87 
| 75 
4 77 
7 74 
rk: 
| 75 
a draft and draft tolerances (fF) q residual stress, effects ... 89, 91 
a 


Machining 
roughness produced vs 
finishing = . & 
roughness produced vs speed and 


surtace finish (A) 
suriace roughness vs 


finishing method (F) ....... rT 
tool finish vs finish produced (T).... @ 
tooling provisions in forging 
7 
variabies vs finish produced (T).... & 
warping from residuai stress 
Machining, tools for 
cutting speed vs roughness 
performance vs roughness of 
tool design vs finish produced (B).-. 86 
tool finish vs finish produced 86 
Macro-etching for 
internal flaws in iron and steel (T) 196 
surface flaws in iron and steel (T).. 196 
Macro-etching o 
carbon and alloy steels (T)......-. 196 
acro-etching of iron e 
carburization 
coarse grain, 
cracks, intermal 198 
CFACKS, SUTEACE . 198 
eracks from grinding 196 
Gecarburization 199 
dendritic structure . 198 
etch tanks f0F 
etching procedure 197 
etching solutions, co (Th. 196 
flaws detectable by (T) 
grain flow (F) 200 
Reating equipment 195, 196 
.....«+«. gece 198 
ingot pattern (F) 199 
internal cracks (F) 197 
overheated steel] 
phosphorus segregation ......... 
pinholes (F) 196 
pipe defect (F) ......-+- . 196 
porosity 
preparation of specimen ...... coveve 
procedures for production 
inspection (T) vote 
recrystallized weid metal ...... 
rinse tanks 196 
seams (F) 


slag inclusions 
Stainie and heat-resisting steels. 198 
sulfur segregation 200 


tanks 

temperature of acid 

weld metal (F) 
Magnesium sheet, selection of die’ 

material for forming 12-20 
Maintenance, 


flame hardening equipment (T)..126, 127 

induction hardening cquipment. 

metal Cleaning 
Malleable iron, 

hardness, induction hardened (T)... 116 

induction hardening 


temperature 116, 117 
Manval are weldin 
selection of (A). 158-168 
Martensite formation. 
residual stress in 89, 92 
Mechanical springs, design (A)..... Dae 
Metal cleaning cost (A) ..... 1 1 
cleaning materials (T) ...... .170-173 


cleaning method vs cost items (Tt)... 170 
comparison, emulsion vs alkaline (T) 173 
comparison, individual items vs 


170 
comparison, vapor degreasing vs 
comparison, vapor degreasing vs 
emulsion conse 
direct labor (T) 169-173 
energy Cost (T) 170-173 
equipment r uirements 173 
nstallation labor, pre-piating 
equipment (T) 171 
labor for waste removal (T). .169-170, 
maintenance (T) 170-173 
materia! cost reduction 17 
pickling (T) 
ventilating equipment (T) .......... 171 
waste disposal cost vs 
cleaning method 169 
waste removal cost (T) ...... 168, 170, 173 
CE) . 160-173 
Metal cleaning equipment 173 


Metallic =» sealing, surface 
finish ( 


Microstructure, test for evaluating 


M7 
Molds, hard c mium plated ......... 106 
Monel, stress relief, time and 
temperature (T) 95 
Motor-generators for induction 
107-110 
Multiple tempering 197 
composition and y 
heat resistance (F) 80 
life of springs at high stress (T)...... 80 
S-N diagram, springs, peened 
tensile ve diameter (T)..... 7% 
N 
com, sition for 133 
Nickel, stress relief, time an 


temperature (T) 
Nickel coatings 
Nickel-chromium coatings .. 
applications .....«.... 
Nickel-copper-nickel-chromi 


Nitride case for tool steel ............. 157 
Nitriding, 

of dies to prevent galling (T)....... 12-18 


brazing of steel .. 
carbon restoration during annealing 148 
carburizing-decarburizing 


temdencies (T) 145 
carrier ~ for carburizing....... 132, 133 
composition for carburizing (T)...... 133 
cost of carbu 133 


Nodular tron, 
hardness, induction hardened “~ ... 116 
ingpetion hardening temperature 
Nondestructive inspection, 
castings, by radiography ......... 
interior of assemblies 194 
powder metal parts ° 
radiograpmy (A) 
welds and by 
Normalizin tool steel (T)....... 
Notch sens tivity of gray ye 
selection for press forming ties stAS 12-20 


Oberhoffer’s reagent ......... 
Oil-hardening tool steel, 
selection for press forming 
dies (A) ...... be 12-20 
Oll tempered wire (F,T) ....... 77, | 


Cost (F) 
initial tension allowable (F)......... 7 
tensile stren, ve diameter (T)..... 78 


composition and specification (T). 4 


Olsen cup ng, 

values vs forming severity (T). a 

variation with sheet thickness (F).. 5 
Orsat analysis . 1465 
Outdoor corrosion, zinc coatings (T) . 100 
Oxidation, high-temperature .......... 
Oxide coating for tool steel............ 187 

P 

Patternmaker’s shrinkage for 

Peariite formation, residual 

stress in (F) 89, 92 


Pearlitic maileabie cast iron, 
hardness, induction hardened (T)... 116 
hardness vs depth, induction 


induction hardening 

temperature (T) 116, 117 
selection for flame hardening........ 131 


Permanent mold castings, 
H of precipitation (T) ........... .-» 102 
~. horus segregation, detection of 
ron and steel ....... os 
Pinhole, detection of 
in iron and steel 198 
Pipe gray iron, ASTM 
ripe flaws, detection of 
from amd steel . 198 
Piston for automotive engine, 
aluminum ( 


Piain bearings, 
recommended roughness values... .64, 6 
Plaster mold castings, 


Plastic tooling materials, selection 

for press forming dies (A).........12-20 
Plating cylindrical cages 
Plating into angles 08 


Plating thickness—See Thickness of 
electroplated coatings 

Polyester plastic tooling materials, 
selection for press 


Porosity, detection of 
196 


Poresity in die 102 
Powder metallurgy, 


detection of ver 16 
Power factor, induction heating 
Precipitation hardening, residual 
stress pattern mechanics ..........+. 
Press dies, forming, selection of 
material for (A) .... 
Pressure tightness of joints ve 
Preventive maintenance, 
193 
induction hardening 216, 116 
Propane gas .. she 132 
carburizing procedure 136 
composition for carburizing 
Protective coatings .......... v0 104 
Q 
Quenching, 
flame hardened parts 120 
induction hardened parts ........114,115 
residual stresses in (F) 00 
R 
Radiography (A) 186-194 
aluminum spot welds ............... lus 
aluminum ickness vs energy 
applications in preventive 
193 
assembly interiors for hos and 
location 
average activity of sources (T)...... 187 
barriers for x-radiation 
bronze thickness vs cnsrey and 
film (F) 189 
castings 191-193 
castings, defects detectable (T)....., 103 
control of manufacturing 
processes 191-104 
cost of film processing equipment... 166 


cost of personne! protection hoods 190 
cost of radiation monitoring 

devices 191 
cost of sources (T) 18 
dosage rates for radioactive 

sources (T) 187 
electrical safety recommendations... 191 
emission of sources, average and 

energy of radioactive sources (T), 187 
energy vs film, metal and 

thickness (F) 10 
equipment cost vs capacity (T)..... 186 
equipment maintenance cost vs 


capacity (T) 106 
equipment vs thickness and 

sensitivity (F) See 166 
equivalence factors (T) 
exposure holder, selection 
film prox easing nize 

film protection in ‘storage 191 
film selection (F) 186 
film selection for 

film ve metal kness and 


energy (F) 189 
fluoroscopic screen 188, 180 
fluoroscopy references 
half life of radioactive sources (T).. 187 
hazards of gamma and 

image magnification 185 
iron and stee) castings, 

recommendations 193 
lead foil screens, recommendations. 187 
lead vs fluorescent screens 188 


magnification of image 
measurement of radiation 101 
microradiographic enlargements .... 194 


microradiogr: aphy film 


selection (T) pe 
microradiography for minute 

discontinuities 
microradiography references... ... . 
microradiography technique ...... 
panoramic arrangement of 
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62 
95 
104 
104 
103 
103 
vy 
Piston pins, recommended 


KBB, 189, 190 
ity ve 


exposure (F) es 

photographic p 

powder metal 

radiation moni' 


radioactive source ........ 

refiection 

safety codes for high-voltages... 

safety practices with radioactive 
sources 


selection of equipment 
selection of source for 

selection of x-ray films (F).......187, 180 
sensitivity limitations 190 
sensitivity vs thickness and 

equipment (F) 
shielding (T) 

of film in storage.......... 191 
on equipment and 

process 
steel castings . 
thickness range vs 

ment (F) oe 
vs eneray and 
m (F 
steel 
stereoradiography 
thin specimens 
variable-intensity viewing oe 
weldment inspection codes ..... 92 
weldments, defects detectable (P)... 192 
x-ray tube life range 186 
Radiography of, 

aluminum 
assembly in srlore ‘for fit and 


castings 
defects detectable (T)...... 


ron and steel 
powder metal 
castings 
steel weldments . 
thin specimens 1 
weldments, defects detectable (T)..: 
Railway springs, stee! 
Relaxation tests, fixed total strain, 
Relief of residual stress (F, T). .93, 94, 95, 96 
Residual stress (A) . 
fatigue 
prey iron 
ent treated stee! (F 
in induction hardened Bi: 
isothermal transformation (F) 
removal by stretching ( 
Residual stress effects 
breaking of metal when cut (F)... 
prittiontes of metal when cu 
fatigue (F) 
fracturing of ‘metal when 
stress relaxation fracturing (F)..92, 


utt welding as 


cuppi ee 
electroplating 
flame harden né 
inding ..... 
fardenea steel (F) 
nm bainite formation (F) 
nm martensite formation (F)........ 
nm pearlite formation (F) 
induction hardening (F) .......... 
nitriding 
precipitation parcentng 
quenching (F) 
rolling ( 
shot peening, surtace 
nemmerng dil 
spot weldin D 
surface rolling 
transformation (F) 
tube drawing (F) 
tube simking (F) 
welding (F) 
wire drawing (F) . 
Residual stress measurements, 
Anderson and Fahiman 
method 


our-shot x-ray method (F 
eyn and Bauer's (Fr 

Johnson's method (F) 

Kreitz’s method (F) .. 

method (F) .. 
esnager-Sochs method (F 

Stebel and Pfender method ( 

Treuting-Read method (F) .... 

Rimmed steel, selection 
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Rolls, finishing 6,8 
Rubber, bonding of 


182 
, unnotched (PF). 


Safety, wee and handling. ..... 127 
ra oactive sources 
radiography 
M-ray film storage... 
Salt spray testing of e 
coatings 
surtace roughness, statistical 
mi 
Sand casting 
(A) 
gray tron (A).. 
detec tion ‘in steel cow 
segregation, detection in steel...... 198 
ele 


Shakeout cost in casting 
Shear stress, ratio to te 
creep-rupture 
Sheet metals, selection of die material 
for (A). 
Sheet steel, aging. 
aluminum-killed ... 
commercial quality 
properties desired fo: 
directionality of properties 
@lastic ratho eves 
elongation 
elongation vs sheet thickness (F)..:. 
formability (A) 
formability vs property 
variations 


hardness vs fooming severity 
killed, 


quality rating (F). 
properties for orming ( (T): 
strain agin 

surface defects 
d-extension diagram (F):. 
ubrication in forming 


preshaping of blan 
selection 
properties desired for forming i... 
properties desired in rimmed eees 
properties variations vs 
formability (F)........ edd, 
rimmed, desired properties (T) > 
rimmed, quality rating (F)..... eee 
rolier leveling 
selection b 
selection of (A) 
selection of die ayennnnns for 
forming (A) 
d of forming........ 
mpings, exposed and unexposed 
(T) 
stampings, 6 classification 


strain agin 
stretcher s 
surface roughness (T) 
tensile strength .. 
tensile testing ° 
test specimen selection........ avccees 
thickness varia effect on 
stamping 
tooling 
tooling development stock selection. . 
yield point 
treous enameling sheet...... 
yield point 
Sheet titanium, eotios of die 
material for aprening (A 
Shell mold castings, alum 
Shei) molding, pattern material 
selection .... 
Bhort-time tensile properties 
castings vs temperatures 


Bhot peening, residual stress in. 
springs (F) 
Shrinkage, gray tron 
Silicon-manganese steel for sprin 
tensile strength va diameter (T 
Bilver coatings, 
resistance of (T)...... 
for bearings ~~ 
for solderability . 
Stiver plated bearings, 
Sliver plating .. 
Bolderability, of electroplated coatings 195 
Solvent cleaning, cost (A) 169-173 
Bpot ans residual stress 
in 


t resistance (F) 
mechanical properties 
quenching temperature (T) . 
tempering temperature (T) ....... 

Springs, cadmium plating .... 
Springs, steel, active coils, 

caic ulations 
design formulas (T) . 
electropiatin 
end hook caiculations 
failure SS vs defect location 
fatigue limit (F, T) 
fatigue limits (T, F) ......... OO 
fatigue limit, Salve 

uality (PF) 
failure 
fatigue strength (T) 
forrning temperatures 

rd drawn wire (fF, 
heat resistance (F) .. 
heat treatment (T) .. 
initial tension of 


ng 
shot peening (F 
specification for steel wires (T) . 
stainless steel, type 302 
static loading applications : ) 
stress correction factors (F 
stress range (T, F) 
tempering tem 
tensile stren, 
wires (T 
tolerances 
vehicle applications .......... 
Wahl correction factor graph (F) ... 
Stainless steel, 
420, hardness, hardening, 
induction 
applications 
acetic acid (T). 
acetic acid 
halogens 
ammonium sulfate plus free 
sulfuric acid 
moform 
chemical process industries . 
chiorinated solvents (T) ........ 
chiorosulfonic acid 
epichlorohydrin 
fatty acids 
fatty acids plus chlorides 
fatty acids plus sulfuric acid (T) .. 
fine chemicals industry 
food industry 
formic-acetic acid (T) . oe 
Ihydrochioric acid 
hydrocyanic acid ....... oe 
lactic acid .. bene 
monoethanolamine ..... 
nitrie acid (T).. 
oleum 
paper industry 
Pharmaceutical chemicals 
industry . 
phosphoric actd 
pulp and paper industry . 
silver nitrate 


85 


388 & 


stannic chloride 

stannous fluoride (T) . 

sulfation 

sulfuric acid (T) 
corrosion data wed 12% Cr 

stainiess (T) 


CN-7™MCu (T) 
corrosion rate tn 

acetic acid (T) 


sluminum chloride (T) ........ 
aluminum potassium sulfate (T) . 
ammonium arsenate (T) 
ammonium bromide (T) ..... 
ammonium chioride (T) 
ammonium oxalate (T) 
ammonium sulfate (T) 
ammonium sulfate and 

sulfuric acid (T) ..... 
ammonium sulfite (T) 
ammonium (T) 
arsenic acid (T) 
arsenious acid (T) .... 
cadmium chioride (T) . 
carbon tetrachioride (T) 
citric acid (T) 
copper nitrate (T) ... 
copper sulfate (T) ..... 
ethylene Stehloride (T) 
fatty acids 

nitra 


| 
“3 Soil gray iron, specification 
; photographic dens! Spark-gap units for induction 
168 time, Spring wire, cost (F 79 
19-8 DL, notched, unnotched (F).... 182 4 
Haynes alloy 86, notched fatigue strength (F) 80, 
185 Unnotched (F 
187 K-42-B, no 
ene ~ 
186, 190 
188 
life at high stress (T) 
music wire (F, T) es 
oll tempered wire (F, T) .......77, 7%, @ 
i 
‘ 
2 
6 - 
H 
5 
7 
1 
} 
me propert selection. .2- 
ol 5 43 
43 
é 42 
43 
43 
43 
47 
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3-44 
Residual! stress in, 44 
CF) 46 
4 oteh (F) 
8 1-49 
7 546 
9-10 
41 + 
52 
41 
41 
‘1 
95 45 
41 
41 
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hydrochioric acid (T) . 
manganese chioride 
methy) chloroform ( 
methylene chioride 
nickel sulfate (T) . 
nitric acid (T) ...... 
perchioroethylene (T) 
propyiene dichio C2) 
sodium bisulfide (T) ...... 
sodium sulfide (T) 
stannous fluoride (T) 
sulfur chioride (T) 
sulfuric acid and sulfonation 
products (T) 
sulfuric acid, spent (T) . 
sulfurous acid (T) 
trichloroethylene (T) 
COFTOSION tOBTING 
designation cross-reference (T) ..... 
fabrication and service life 
heat exchangers, cost comparison 
with carbon steel (F) 


esesss 


intergranular corrosion 
on 
stress-corrosion cracking ............ 
stress relief, time and 
tubing, cost comparison (F) ......... @ 
Stainless steel sheet, 
selection of die material for 
ess siee spring re, 
steel, trade designations, 
rupture strength vs temperature 
stress vs creep rate 


1 
stress vs rupture time (F) ........ 179 
321, loading schedule vs au 
and rupture (T) ee 
Stampings, bend radii (T) ........+++-%, 
blank layout orientation ............ 
buckling, steel selection to 


die and selection 

vs surface roughness 

finishing and surface 

lubrication 
Luders limes 


0 7 
preshaping of bian 
selection of die for 

selection of sheet steels for (Ay? evveekel 
severity of forming (F) ...... 

etcher strains im steel 
surface roughness, ect on 


tooling development, stock selection 4 
tooling for low SCra@p 
vitreous enameling sheet ‘and 

composition 


Statistical control, surface 


roughness, sampling limite (T) ...... & 
Statistica! distribution of pr 
aluminum casting alloys (F) ......... 
Statistica! variation of gray 
Bteel, friction vs 
cleaning cost (A) iéd-173 
coefficient of friction (F) ee 


for induction hardening . 


~ 


Hiction vs surface roughness (F)... 84 
hardness, induction hardened 
(TT, 16, 117 
temperature (T) . 
surface finish (A) . 82-88 


Steel, SAE-AISI, 
1008 to 1030, weldability, best 
composition (T) 
commercial quality, selection (PF... 
drawing quality, selection (T) ..... 
killed, for stampings (T) ..... 
for stampings ery 
1020, torres bitty 
1020, sheets for formed parts ........ 
1030, forgeability ........+. 
1035, forweability 
1035 to 1053, for fame hardening .... 131 
1040, forgeability 
1045, case depth vs induction 
scanning rate (F) 
induction hardening 
1050, forgeability ....... 


induction hardening 
1060, for fame hardening 
forgeability ....... cose 
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, forming temperature for 
at treatment of springs 
ring applications 
orgeability .........« 
temperature for 
1112, forgeability .......- 
welding and electrode 
selection (T) ...,.. 160 
1113, welding, and 
1117, forgeability 
welding and ¢ 
selection (T) ....... 160 
1118, forgeability ......... 
welding and electrode 
selection (T) ..... 


1120, forgeability .. 
1137, forgeabilit 
induction ha & 

1141, forgeability ........ 
1144, induction hard 
15, carbon solubility 


austenite (F) ........ 
3115, carbon solubility in 

4135-H, for fame harde 


4140, for press formin 

resistance (T) 
41 or fame hardening ......... 
4150, forming temperature for 


4155. hent treatment of springs .. 


4320, carbon solubility 
austenite (F) ......... 
mechanical properties, 
mechanical properties” 
mechanical pro ties, hot 
extruded (F, T) ....... 
carbon ‘solubt ty in 
austenite (F) ....... 
4820, carbon solubility in 
mechanical 
forged (F, T) 7 
$140, hardness vs depth (F 
5147, fatigue vs dual 
6150, for springs (T) 
5160, for springs ( 
51660, for springs (T) & 
6150, for springs (T) & 
8620, carbon solubility 
8640-H, for fame hardening ........ 131 
8642-H, for fame hardening ......... a 
6650, for springs 
8660, for springs 
8720, carbon ity in 
9260, temperature ‘tor 
9260, heat treatment of oprings 
hardenability, uction 


low-carbon ....... 
Steel sheet, aging . 
cal led 
artificial agin 
bend radii (th 
commercial quality 
directionality of 
drawing quality 
elastic ratio 


induction herdening’ 
Steel, hot rolled, pickled ve 
unpickied in forming ....... 
for forming (A) ....... 
Steel, killed, low carbon 
Bteel, low-carbo 
forgeability rating at 
composition for best weldability (T) 
stress relief, time and 
temperature (T) .... 
low-carbon 
tor 
load-extension diagram ( 


Steel, rimmed, low-carbon te 648 
Steel spring wire, 

ASTM specifications, (T) ........... @ 
Steel springs, design (A) ............. 76-81 

aightening, 
dual stress and fatigue .......... 93 

tool steel after hardening ........... 156 
Strain aging of sheet steel ............ 8 
Stress concentration, example of 

use in design........... 
factor, shaft with circular 

life expectancy 
notched spect: s in creep 


Stress-corrosion a. 


cadmium plated pe wee 
castings (T) ..... 33, 04, 
relaxation tests as @ basis for ....... 18 
tir.e and temperature (T) 
Stress relief of tool steel 
Stress-rupture, 
streas criteria abe 
stainless steel, 
Stress-rupture tests ( 
Strip, residual stress as rolled 
Subsere treatment of tool stee 
Bulfer segregation, detection 
in iron and steel 
Superfinishing, finishing method “ 
surface roughness (F) . 87 
roughness vs finishing time (T 
waviness produced, example (T)..... 46 
82-88 


Gurface finish (A) es 
antifriction bearings (T) ........ ow & 
cast surfaces 
centeriess lapping (T) .....«.. 
centrifugal — mold cast 


cutting speed vs ro 
produced 
die cast surfaces (F) 
die performance vs finish 
drafting symbols (F) 
die performance and 
finishing method vs rene 
fits, automotive bearings . 
friction va roughness ....... 
grinding ons vs 
(T) 
heat transfer ws roughness of 
interface (F 
oint tightness ve rou CP) 
the tool design vs 
performance of cutting tools 
plaster mold cast surfaces (F) ...... 
precision investment cast 
precision reference specimens 


Precision sand cast surfaces (F 
preferred roughness values (T 
preferred wav Viness values (T) 
reference specimens ..... 
rolls (T) 
roughness comparison specimens . 
roughness values characteristic 

of surface finishing processes (F).. 67 
roughness values for engine 

bearings 
roughness values, preferred (T 
roughness vs bearing capacit Fr): & 
roughness vs finishing time (T) ..... Me 
roughness ve machining 

roughness vs speed and rake 

angie (F) 
roughness width cutof 
sampling of, statistical limits (ty; bade 
sand cast surfaces (F) 
sealing of joints ve surface 

roughness (F) 
shell mold cast surfaces (F) ...... 
soft materials, measurement ..... 

cifications 

atistica!l limits for sampling (ty: 
superfinishing (T) . 
surface char acteristics, c8, definition ie 
surface finish vs the 

surface vs ‘finishing 

method 
symbols us in specification osegneuss 
tolerance vs surface roughness (T)... 


tolerances, automotive bearings... 85 
tool finish ve finish produced (T)..... ne 
typical finishes on production 

CED: 88 
units of 
waviness values, preferred ep 


wear of sleeves vs surface rou 


32 

Surface rolling, stress in. . 

Surface roughness (A) ........ 
classificat for sheet steel 


values 
Tear test for coatin a 
Tempering, induction (A) 107-123 
Tempering of tool steel 156 
Tensile testing of sheet steel,.......... 
Tensile tests, tensile strength + ve test 

speed, 600 F (F) 
Tension sprin 4, design (A). 
Thermal conductivity, vs surface 

roughness of an in lace (F)..... -. & 
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Stainless steel, corrosion data for Steel, 
CE)... 93, 95 
for scetic acid mixtures (T) .. 
3 0 
0 
6 
6 
20 
19 
131 87 
67 
2, 6, 1-11 
2, 6, 
@ 
fi lening, selection 131 
Tappets, recommended roughness : 


coa ings 

chromium coatings 

nickel coatings 

Ni-Cr coatings 

Ni-Cu-Ni-Cr 

silver coatings on rings 
Throwing power of plating baths 
Thrust bearings, surface finish 
electrical resistance 


Titanium sheet, selection of die 
material for forming (A) 


Tolerance acceptable 
parts ( 
bearings, automotive 
dimensions aluminum 
castings . 
forgings 
mpings, effect on die material 
selected . 
surface roughness values 
recommended (T) 
vs surface roughness (T) 


Tool steel, air-hardening, selection 
for press forming dies ) 
air- Shardening medium alloy cold 
work. 
annealing (T) 
austenitizing (T). 
cold treatment 
cracks caused by delay in 
tempering (F) 
cracks caused by nonuniform 
hardening (FF). 
eycie annea:ing (T)... 
dec -arburization tendency ratings (T) 156 
depth of hardening, ratings ( 
distortion in hardening ratings (7), 
failures (A) 
forging (A) 
forging temperature for (T) 
forgings, machining allov/ances (T).. 
galling resistance ratings (T) 
rinding cracks (F) 
ard chromium plating for 
hardening practice . 1 
hardening temperature ranges (T)... 
hardness, annealed (T) 
heat resistance, 
heat treatment ( 
high-carbon hi galling 
resistance rating (T) 
selection factors (T) 
interrupted quenching 
nitride case 
nitrided, galling resistance (T) 
normalized 


forming dies (A 

oxide coating for 

quenching mediums .. 

safety in hardening (T). 

selec tion for press lorming dies (A) 12-20 
ring application (F) 80 
rela tening after hardening 

stress relieving 

temperature measurement in heat 
treating 

ternpering 

tempering, heating rate for 1 

temperature, heating time 
to reach (T) 187 

Tool steel, AISI-SAE, A2 
Ag, nitr {ded 


, nitrided 
, galling resistance (T) 
, nitrided, galling resistance (T)... 
, galling resistance (T) 
selection for formin 
spring application ( 
Tooling, selection of material for 
forming dies (A) 
tooling in forging 
design 
try-ou 
Tools for machining, lathe tool 
design vs finish produced (T) 
roug Anes produced vs cutting 
speed (F) 
roughness vs speed and rake 
angles (F) 
tool finish vs finish produced (T).. 
Teqnetermgtion of steel, residual 
stress ( 
induction heati 
107, Su, 112, 113 
Transmission extension casting, 
aluminum, cost, permanent mold vs 
die casting (F 
Tube drawing, residual stress in (F). 
Tube sinking, residual stress in (F)..92, 94 
Tubes, Kreatment residual stress 
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for induction 
Valve body, aluminum casting (F) . 
Valve guides and stems 

recommended 5... values .... 
Van Stone ends and flange, 

corrosion of 
Vapor degreasing, cost (A) 
Vitreous enameling sheet 


Ww 


Wahi stress correction factors 
for springs (F) 
Warping of metals in machining 
Water Fw gray iron, 
tlon number 
Wear’ resistance of gra 
Welded joints, stress 
temperature (T) 
Welding, 
residual stress in (F 
stress relief time and 
temperature (T) 
bed electrodes, 
bran tests (T) ....1 
coating pe ang 
comers ion (T) 
cost ( 
current recommended (T) 
current vs weldi char: 
deposition rate (T 
fit-up rating (T) 
iron powder 
mechanical properties of d ts (T) 
moisture absorption vs humidity ve 
moisture content (F, T) 
penetration, rating (T) 
Positions used (T) 
redrying characteristics (F) 
selection for low-carbon 
steel (A) .. 
slag removal rating (T) 
loss rating (T) 


coatin 

cost 

speed ( (T) 


iron (T) . 


coatin 

cost ( 

eurrent (T 

selection ( 

welding 

we ng spee 
E6011, 


coatin 

cost ( 

eurrent (T) 

selection (T) 
welding positions (T) 
welding speed (F,T) 


coating (T) 
cost (T) .... 
current (T) 
selection ( 
welding speed (F, 
E6012X, 


factors (T 
positions ( 


current (T) 
selection (T) 
welding positions 
welding speed (F. 


16, 
coatin 
eurrent (T) 


welding positions (T) 
welding speed (F,T) 


ecoatin 


welding 
welding 


t (T) 
eurrent (T 
selection ( 
welding postions 
welding speed 


coating (T) . 


current 
selection 

welding 

welding speed 


Welding electrodes, ial 
appearance of bead (tT) 
brands, comparative tests (T) .... 
coating types and 
{ 


leposition rate (T) 

ieposition rate vs current (T) 
lepth of 


fillet. (T) 
fit-up (T) 
fit-up vs welding speed (F) 
for cadmium plated steel 
for welding thin sections 
galvanized steel! 
ange butt welds (T) 
owder coatings 
oint (T) 
oint type (F,T) 
w spatter loss (T) 
impact stren 
(T) . 
mechanical p 
melt-off rate ( 
moisture absorption (F) 
content and redrying 


(T) 

porosity 

position of weld (T) 

slag removal (T) 

spatter loss (T) 

speed for flat groove welds (F) . 

speed for horizontal fillets (T) 

speed for thin metal joints (F) 

speed for vertical fillets (F) 

8 vs current and electrode (T) .. 
eel com ition for best 
weldability (T) 

testing of brands (F) 

thickness of plate 


Welding of, 
cadmium 
free-machining steel (T) 
galvanized steel 
selection of electrode (T) . .159 
hin metal joints (F) 


Weldments. 
stress relief (T) 
White brass coatings 


Wire drawing 
residual in (F) 


x 


X-ray radio also 
Radiogr 
equipm 
film (F) 
hazards 


EE for press forming dies (A) 12-20 
se ion for ‘0! es 
Zine, corrosion of 98 


Zine alloy, 
oe forming dies 


forming dies 
on ng resistance ratings ( 


corrosion of 

hardness of . 
solderability . 

thickness of (T) . 


castings, 


‘Thiekness of electroplated 
coatings aren U E6024, 50. 162. 163 
Upset forgings, design ................715 
105 
‘ 105 Vacuum tube equipment T) 
eg 107-109 165, 166 
; 12-20 160, 162 
& 165, 168 
’ 169-173 coatings, moisture, redrying 
53 9, 10 
F |_| current vs welding characteristics .. 160 
3-18 deposition efficiency (T 
8s +150, 168 
‘Ter, 
27 190 
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168 
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159 165 
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oil } ening, select DBO, 162, 163 160 
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coatin (T) 162, 163 
, performance of different brands 168 Yield point of sheet steel (F) ......... 5 
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BUSINESS IN MOTION 


It is a characteristic of American companies that 
they constantly seek to improve their products; this 
is in part responsible for the amazing strides made 
by industry. Revere is glad to aid in this endeavor 
through its Technical Advisory Service, and its Re- 
search Department, particularly for firms whose 
need for research is not such as to warrant purchas- 
ing costly laboratory equipment. A recent problem 
presented to us came from a 


Io wer Cok on ... 


test. Each gear was run at 430 r.p.m. and at 100 
r.p.m., at zero tension on the line, and at 1, 2, 3, and 
4 pounds tension. After each run the gears were 
removed, cleaned, examined, measured and photo- 
graphed. The reels were then reassembled, lubricated, 
and the next run started. 

The results were impressive. After the gears had 
gone through 186,727 revolutions it was felt unneces- 


sary to proceed further. Both 


maker of fishing reels. He had 
been cutting gears out of free- 
cutting brass, in order to achieve 
the machining economies such 
material offers. 

This brass is widely and suc- 
cessfully used in gears for 
clocks, meters, and similar in- 
struments. However, experience 
proved that a fishing reel, which 
is operated at various speeds 
and loads, presents a quite dif- 


ferent service. Revere was asked to suggest a metal 
that would be more suitable in this application. 
The Technical Advisory Service at once reported 
that either naval brass or aluminum silicon bronze 
would last longer. However, in order to determine the 
relative merits of the two, the Revere Research De- 
partment was asked to make tests. Gears of both 
metals were installed in reels, and a motor-driven 


machine was rigged to provide an accelerated wear 


reels were still fully usable. The 
naval brass was somewhat more 
worn than the aluminum sili- 
con bronze, however, it cer- 
tainly was evident that naval 
brass would be satisfactory. The 
reel maker was determined to 
offer the best he knew how to 


make, and selected the more 


|} expensive aluminum silicon 
bronze. He knows conclusively 
now that his reels will give long 
service, enduring satisfaction, and will protect his 
reputation and help his business grow. 

If you have questions as to the best material or 
materials for your product, no matter what it is, and 
do not have a modern research laboratory, why not 
ask your suppliers for help? Some may have an 
immediate answer; some may wish to test alterna- 
tives. You will benefit either way, and make faster 


and surer progress in your search for improvement. 


REVERE COPPER AND BRASS INCORPORATED 


Founded by Poul Revere in 1801 


Executive Offices: 230 Park Avenue, New York 17, N. Y. 
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ELECTROMET 


BORON ALLOYS 


Ferroboron mex. 0.50% 
Min. 10.00%, 
Boron Grade Carbon . max. 1.50% 


Min. 17.50% Aluminum ...max. 0.50% 
Boron Grade Carbon max. 0.50% 


Manganese Boron Boron min. 17.50% 
Manganese . approx. 75% 

max. 3% 

max, 5% 


TRADE-MARK 


ALLOYS FOR THE STEEL, IRON, AND NON-FERROUS INDUSTRIES 


Increases hardenability 
of steel; also, for addi- 
tions to malleable iron 
and aluminum alloys. 


Used to cleanse and 
deoxidize non-ferrous 
alloys. 


CALCIUM ALLOYS 


Calcium 30 to 33% 
Silicon .......60t0 65% 
.......150to 3% 


Calcium-Silicon 


Deoxidizer for high- 
quality steel. Also used 
in high-tensile gray 
irons 


Caicium- 


Calcium 16 to 20% 
Manganese Silicon 


Manganese 14 to 18% 
Silicon to 59% 


A complex deoxidizer 
used widely in produc- 
tion of steel castings. 


Calcium Metal 
Regular Grade Calcium .... 98% 
Balance largely 
Calcium Chloride 
Calcium. .approx. 99.50% 
Balance largely 
Magnesium 


Distilied Grade 


Deoxidizer and degasi- 
fier for steel and non- 
ferrous metals 

For special applications 
requiring calcium of 
very high purity 


CHROMIUM ALLOYS 


“Simplex” Low- Chromium . 
Carbon Silicon 
ferrochrome No. 1 Carbon 


. 63 to 66% 
Sto 7% 
max. 0.010% 
or 0.025% 

2% Nitrogen- Chromium 62 to 65% 
Bearing Grade Silicon 5to 7% 
Nitrogen 2to 2.5% 

Carbon max, 0.025% 

5% Nitrogen- Chromium . 60 to 63% 
Bearing Grade Silicon 5to 7% 
Nitrogen 5to 6% 

Carbon max. 0.025% 

“Simplex” Low- Chromium 63 to 66% 
Carbon Silicon max. 1.50% 
Ferrochrome No. 2 Carbon max. 0.03% 
2% Nitrogen- Chromium 62 to 65% 
Bearing Grade Silicon .. max, 1.50% 
Nitrogen 2 to 2.5% 

Carbon max. 0.03% 

5% Nitrogen- Chromium 60 to 63% 
Bearing Grade Silicon max. 1.50% 
Nitrogen 5to 6% 

Carbon max. 0.03% 


Suitable for all grades 
of steel containing 
chromium, and espe- 
cially designed for 
stainless and high-alloy 
steels where substantial 
quantities of chromium 
are required, The sili- 
con in the No. 1 alloy 
provides means of re- 
ducing metal oxides 
back from the slag and 
also increases the rate 
of solubility of the fer 
rochrome, thus provid 
ing a saving in furnace 
time. For those appli- 
cations where high sili- 
con is undesirable, 
“Simplex” No. 2 has 
been designed to pro 
vide an alloy which 
gives the desired char 
acteristics of very close 
carbon control together 
with high chromium 
recoveries 


67 to 71% 
0.30 to 1.00% 
Carbon (10 Grades) 
max. 0.02 to max. 2.00% 


Low-Carbon Chromium 
Ferrochrome Silicon 
(Other Grades) 


Production of stainless 
steels and high-temper 
ature alloys requiring 
low carbon content 


High-Carbon 
ferrochrome Chromium 66 to 70% 
2.25 to 3.00% Silicon man, 2% 
Carbon Grade Sulphur max. 0.03% 
Mar. 4,50, 5.00, or Chromium . 67 to 70% 
6.00% Carbon Grade Silicon ..lto 2% 
Max. 7.00% Chromium 66 to 69% 
Carbon Grade Silicon lto 3% 
Min, 7.00% Chromium ....65 to 68% 
Carbon Grade Silicon ........l1to 3% 
57 to Carbon 35to 5% 
Chromium Grade Silicon 2t0o 4.5% 
Nitrogen-Bearing Chromium 65 to 70% 
Low-Carbon Silicon 0.30 to 1.00% 
ferrochrome Carbon max. 0.10% 

0.75 to 2.00% 


Suitable for the pro- 
duction of all grades of 
alloy steel, including 
the high alloys, such as 
stainless steel. 


For additions of nitro 
gen to improve proper 
ties of high-chromium 
steels 


Nitrogen 
ae Chromium 60 to 65% 
“SM" Ferrochrome Silicon si 4to 
Carbon 4to 
Manganese 4to 


A high-solubility chro 
mium addition for steel 
or iron in either fur- 


nace or ladle 


CHROMIUM ALLOYS cont. 


Exothermic 
Ferrochrome 5 
Exothermic 
Ferrochrome 6 
Exothermic 
Silicon-Chrome 


Chromium ..approx. 50% 

Carbon approx. 25% These improved exo 
Chromium ..approx. 48% thermic ladle alloys 
Carbon approx. 4% havehigh solubility, low 
Chromium ..approx.46% carbon pickup, and high 
Silicon ..... approx 23% ignition temperature 
Carbon .. max. 1.00% 


Foundry Ferrochrome Chromium 


High-Carbon Grad 


Low-Carbon Grade 


62 to 66% 
e Silicon 7 to 10% 
Carbon 5to 7% 
Chromium ....50 to 54% 
Silicon .......28t0 32% 
Carbon max. 1.25% 


A high-solubility ferro- 
chrome, developed es 
pecially for ladle addi- 
tions of chromium to 
cast iron 


Chromium Metal 
High-Carbon Grad 


Electrolytic Grades 


Laboratory Grade 


Commercial Grade 


Chromium ....87 to 90% 
Carbon .... 9to 11% 
.......max. 1.25% 


Chromium ..min. 99.20% 
Iron max. 0.03% 


Chromium rain. 99.00% 
Iron max. 0.30% 


For production of a 
wide variety of chro 
mium-bearing alloys, 
including electrical re- 
sistance alloys and high- 
temperature alloys. 


“EM” Ferrochrome 
Silicon 


- Chromium ..39 to41% Used essentially in the 
Silicon 42t046% production of stainless 
Carbon max.0.05% steel 


“EM” Ferrosilicon- 
Chrome 


Chromium 50 to 54% For adding chromium 
Silicon .......28to32% and silicon to steels 
Carbon .. max.1.25% containing up to 1 or 

2 per cent chromium. 


“EM” Chromium 
Briquets 
(Hexagonal Shape 


Chromium For adding chromium 
Total Weight .....3% Ib to cast iron in the 


) cupola. 


COLUMBIUM ALLOYS 


Ferrocolumbium 


errotantalum. 
Columbium 


Columbium 50 to 60% 
Silicon ........max, 8% 
Carbon .....max.040% 


Stabilizer in austenitic 
chromium-nickel stain- 
less steels. Also constit- 
uent of high-tempera- 
ture alloys. 


Columbium . .approx. 40% 
Tantalum approx.20% ferrocolumbium in 
pe, min.60%  chromium-nickel stain- 
Carbon .....max.0.30% less steels and high- 
Iron ....@pprox, 25% temperature alloys. 


Used to supplement 


Standard 
Ferromanganese 
Reguiar Grade 
Low-Phosphorus 
Grade 


MANGANESE ALLOYS 


Manganese 74 to 76% 
Carbon ......approx. 7% 
Silicon ws max. 1% 
Manganese 


Most common means 
of adding manganese to 
steel for both alloying 
78 to 80% and deoxidizing pur- 
poses. Also for coun- 
teracting sulphur in 
steel and cast iron 


Phosphorus ..max. 0.10% 


Low-Carbon 
Ferromanganese 


Low-Phosphorus Grade Phosphorus 


Reguiar Grades 


Requiar Grade 
(High-Silicon) 


Manganese min. 90% 
Carbon ., max. 0.07% 
max. 0.06% 
Manganese 85 to 90% 
Carbon max. 0.07, 0.10, 

0.15, 0.30 or 0.50% 
Manganese 80 to 85% 
Carbon max. 0.75% 
Silicon 5to 7% 


Used for making addi 
tions of manganese to 
steels of low-carbon 
specification, particu- 
larly stainless steels. 


“Mansiloy” Alloy 


~ Manganese 60 to 63% 
Silicon 28to31% Used essentially in the 
Carbon max.0.07% production of stainless 


Phosphorus ..max.0.05% steels 


Silicomanganese 
Max. 1.50% 
Carbon Grade 
Max, 2.00% 
Carbon Grade 
Max. 3.00% 
Carbon Grade 


A versatile alloy useful 
as a furnace block and 
deoxidizer, and also for 
an alloy addition to 
steel in the ladle or 
furnace. 


Manganese 65 to 68% 
Silicon 18 to 20% 
Manganese 65 to 68% 
Silicon 15 to 17.50% 
Manganese 65 to 68% 
Silicon . 12 to 14.50% 


All of the alloys and metols listed are produced in the usual lump, crushed, or ground sizes, except where other special forms ore indicated. 
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MANGANESE ALLOYS 


Manganese Metal 
Electrolytic Grade 


Manganese .min. 99.90% 


Used wherever manga- 
nese of high purity is 
required in the produc 


Cerium-Bearing Grade Cerium approx. 0.50% 


SILICON ALLOYS cont. 
Medium-Carbon Manganese 80 to 85% An intermediate carbon “SMZ" Alloy Silicon 60to65% Particularly strong 
Ferromanganese Carbon 1.25to 1.50% ferromanganese alloy Manganese 5to 7% graphitizing inoculant 
Silicon.max.1.000f 1.50% for addition to steel Zirconium 5to 7% used in cast iron 
Low-iron Manganese 85to90% For high manganese Magnesium-Ferrosilicon 
Ferromanganese Carbon -approx.7.00% additions to certain Regular Grade Silicon 43t047% For addition to cast 
max.3% non-ferrous alloys, par- Magnesium 7.5t09.5% iron and steel to obtain 
max.2% ticularly aluminum. 


special properties 


TITANIUM ALLOYS 


Ferrotitanium 


IF YOU HAVE A METALS PROBLEM 


More than 50 different alloys and metals are produced by 
Evecrromer. If you need help in selecting the proper alloys, 
be sure to consult one of E:ectromer's specially trained metal- 
lurgists and engineers. Address your inquiries to one of the 
offices listed at right. 


ELECTRO METALLURGICAL COMPAN' 


Birmingham 1, Ala.. 
Chicago Ill. 


Cleveland 14, Ohic..... 


P.O. Box 196 
230 N. Michigan Avenue 
... 1300 Lakeside Avenue 


Titanium ..27 to 32%, 50 For stabilized stainless 
tearing approx of to 55%, or approx. 70% steels and high-temper- 
rade itrogen ... . approx and non-ferrous alloys. Carbon max 0 10% _ature metals, 
“EM” Silico- Manganese ...... 2 ib For adding manganese Silicen-Titanium Titanium 40t050% For additions of tita- 
manganese Briquets Silicon ......... ¥2 |b. (with silicon) to cast Silicon 451050% nium to steel, cast iron, 
(Squore Shape) Total Weight ..... 3% Ib. iron in the cupola Iron max.3% or nonferrous alloys 
“EM” Ferro- Manganese ........ 2b. For adding manganese Manganese-Nickel- Titanium ‘approx 48% For adding nickel and 
manganese Briquets Total Weight ....... 3b. (without silicon) to Titanium Nickel approx.31% titanium to high-tem- 
(Oblong Shape cast iron in the cupola. Manganese approx 6% __ perature alloys 
ALLOYS TUNGSTEN ALLOYS 
Ferrotungsten Conforming to AS. S TM. Production of tool and 
50% Ferrosilicon Silicon 47 to 51% Spec. A 144-50 die steels; also high- 
Reguiar Grade 47 temperature alloys 
Blocking Grade to51% Deoxidizer for most —— — 
Boron-Bearing Silicon ' 47to51% grades of killed or semi- Tungsten Metal Powder Production of tungsten 
Boron 0.04 to 0.05% killed steel. The block- Melting Grade Tungsten min. 98.80% steels and cast tung- 
Or higher if desired ing grade is specially Total Carbon max.0.25%  sten carbide 
Low-Aluminum Silicon 47 t0 51% sized for maximum effh- 
Grade Aluminum ...max.0.40% ciency. Calcium Tungstate Tungstic Oxide 68to72% For making tungsten 
or 0.10% chemicals and other 
_ tungste n produc ts 
Regular Grade SHICED ... oes 65to70% ##For furnace or ladle Calcium Tungstate Tungstic Oxide. 68 to 12% “For producing tool 
Low-Impurity Grade = Silicon . .61.50 66.50% addition to steels Nuggets steels and high-tem- 
Aluminum max.0.50% Commonly used for 
Total Impurities production of electrical Ammonium Tungstic Oxide.min, 88.7% Intermediate for tung- 
max. 1.00% sheet steel. Paratungstate sten products. 
75% Ferrosilicon Deoxidizer and alloy 
Reguiar Grade 73to 78% for production of high- VANADIUM ALLOYS 
Low-Aluminum no 73 to 78% _—silicon spring and elec- 
Grade Aluminum ...max.0.50% trical sheet steel. Aluminum- Vanadium 80 to 85% 
Graphitizing inoculant Vanadium Aluminum 13to 16% For adding aluminum 
for cast iron. Iron max.1% and vanadium to tita- 
Silicon max. 1% nium metal and alloys, 
65% Ferrosilicon Oxygen max, 0.25% 
Regular Grade 83 to 88% Enables melter to add 
Calcium-Bearing 83 to 88% higher percentages of Ferrovanadium Vanadium 50t055% Production of tool and 
Grade Calcium min. 0.50% silicon without chilling or70to75% engineering steels, high 
Low-Alumiaum Silicon ...... 83 to 88% metal in ladle. Graphi- Carbon max.0.20,0.50, strength structural 
Grade Aluminum ...max. 0.50% tizing inoculant for of 3.00% steels, non-aging rim- 
roe : cast iron. Silicon max. 1.50,2.00, ming steels, and wear- 
or 8%; and approx 10% resistant irons 
90% Ferrosilicon 
Regular Grade ee 92to95% Permits large additions ee Oxide V205 86 to 89% © For addition of vana- 
Low-Aluminum Silicon 921095% ofsilicon without harm Fused Na:0 approx. 10% dium to steel and for 
Grade Aluminum max.0.50% ful chilling effect. Cad approx.2% manufacturing cata- 
sii Metal Addit Sodium Polyvanadate .. approx, 85% lysts 
icon e ditions of silicon to Red Cok Na.0 aporox. 9% : 
Reguiar Grade Silicon min. 98 or 96.50% non-ferrous metals, par f 50% Vos manutac ture of ve 
lron..max. 0.75 0f 1.50% ticularly aluminum and High-Purity “ approx nadium compounds, in- 
Calcium max. 0.07% copper. Ammonium NH«VOs min. 99% cluding vanadium cata- 
Purified Grade Silicon . .99.70 to 99 For applications in 
005 to .0 non-ferrous industry re- 
quiring silicon of high ZIRCONIUM ALLOYS 
purity. 
a 12 to 15% Zirconium 12 to 15% » “A powerful deoxidizer 
Low-Caicium Grade Silicon .......min 98". For high-silicon alumi- lirconium Alloy Silicon 39 to 43% pth of 
Iron max. 0.75% num alloys where cal- Carbon max. 0.20 % hardening of steel 
Calcium max. 0.03 cium is detrimental. 
Low-Aluminum Silicon .min, 98.50% For the production of 35 to 40% Zirconium 35to040% Steel deoxidizer when 
Grade Iron ....Max. 0.75% silicon-copper alloys Zirconium Alloy Silicon 471052% higher concentration of 
Aluminum ...max. 0.10% where aluminum is det- Carbon ..max.050% zirconium is desired 
Calcium .max, 0.03%  rimental. - — 
“EM” Zirconium Zirconium 0.55 Ib For ‘adding zirconium 
“EM” Silicon Briquets Briquets (Cylindrical Silicon 1.90 'b. and silicon to cast iron 
Large Size Silicon . 2 Ib. Shape, Red Color) Total Weight 5 Ib in the cupola 
*'Electromet, ansiloy imples and 
Total Weight cant Che cupeta, ore trade-marks of Union Cerbide and Carbon Cerporation, 
hape) 


Detroit 21, Mich...... 10421 West Seven Mile Road 


Houston 11, Texas 
Los Angeles 58, Calif. 
New York 17, N.Y... 
Pittsburgh 22, Pa....... 
San Francisco 6, Calif. 


6119 Harrisburg Boulevard 
.2770 Leonis Boulevard 

30 East 42nd Street 
Oliver Building 
.22 Battery Street 


In Canada: Electro Metallurgical Company, Division 
of Union Carbide Canada Limited, Welland, Ontario 


A Division of Union Carbide and Ca 
20 East 42nd Street New 


Corporation 
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CARBON « SULFUR 
DETERMINATIONS 


vith 


with DIETERT-DETROIT Equipment 


TWO MINUTE CARBON DETERMINA- 
TIONS are routine with the 
Dietert-Detroit Carbon De- 
terminator, Model No. 3003. 
Clean design assures ac- 
curacy with a simplicity of 


£0 operation and low mainte- 
nance cost. Samples may be 
a borings, mill chips, crushed 
" samples, pellets, etc. Excel- 


lent performance record with 
iron, steel, petroleum cata- 
lyst, stainless alloys, organic 
chemicals, and foundry 


Latest listings of complete 
line of Dietert-Detroit 
Carbon and Sulfur 
Determinators including 
combustion furnaces and 
tubes, boats, shields, 
metal specimen molds, 

x etc. Write for your copy now. 


HARRY W. 


HARRY W. DIETERT CO. 
9330 Roselawn Avenue, 
Detroit 4, Michigan 


Send me your latest Carbon-Sulfur 


THREE MINUTE SULFUR DETERMINA- 
TIONS are easily and ac- 
curately made with the No. 
3104 Dietert-Detroit Sulfur 
Determinator, working with 
coal, coke, irons, steels, 
stainless alloys, non-ferrous 
metals, minerals, rubber, 
petroleum products, wood, 
and other organic and in- 
organic materials. 


Determinator Catalog 
NAME 
EQUIPMENT apoaess 
MP. STATE 
METAL PROGRESS; PAGE A-84 


Metallographic Polishing 
With Diamond 
Abrasives* 


1E ADVANTAGES of a system of 

mechanical polishing, based on 
the use of diamond abrasives, for 
the routine preparation of both fer- 
rous and nonferrous materials, are 
described. The stages of the basic 
system are as follows: 

1. Abrasive Papers — Silicon car- 
bide waterproof papers; hand oper- 
ated with flowing water lubricant: 
(a) 220-mesh or (b) 400-mesh grade. 

2. Abrasive Lap — Cast alumina- 
wax lap; hand operated, dry. 

3. Rough Polishing — Diamond 
paste abrasive on napped cloth; kero- 
sene lubricant, hand or, preferably, 
machine operated: (a) coarse stage, 
4 to 8-» grade (optional); (b) fine 
stage, 0 to l-» grade. 

4. Finish Polishing — Calcined 
magnesium oxide paste on Selvyt 
cloth; polishing may be either by 
hand or machine. 

The treatment of various speci- 
mens is claimed to differ only at 
finish polishing (Stage 4). In this 
stage specimens of the softer metals 
are handled by the “skid” polishing 
technique, those of the harder metals 
are finished by the common tech- 
nique of using a thin slurry of mag- 
nesia in water. As a third embellish- 
ment, some of the extremely soft 
metals are etch-polished by the skid 
process in which a quantity of the 
etchant is added to the magnesia 
paste. 

The really unique feature of this 
system lies in the employment of the 
cast alumina-wax lap between grind- 
ing on the abrasive papers and the 
first polishing with diamond paste. 
Unfortunately, the preparation and 
use of this lap is not described in 
this paper. The original work by 
Samuels in the Journal of the Insti- 
tute of Metals (Vol. 81, 1952-53, 
p. 471) must be consulted for these 
details. The lap makes it possible to 
go directly to fine polishing in one 
step. (Continued on p. A-86) 


*Digest of “Practical Applications 
of a System of Metallographic Pol- 
ishing Using Diamond Abrasives”, 
by L. E. Samuels and M. Hatherly, 
Metallurgia, Vol. 50, December 1954, 
p. 303-308. 
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PRODUCT TYPICAL COMPOSITION _ PRODUCT TYPICAL COMPOSITION 
ALSIFER and ALUMINUM ALLOYS | MANGANESE ALLOYS 
Alsifer Aluminum 20% | Eers 9 Oblong in shape. Weigh 
Silicon 40% | Briquettes approx. 3 Ib. and contain 
Iron 40% 


Aluminum Alloys 
Deoxidizing Grades Aluminum 85 to 99% 


Silicon Aluminum Silicon 5 to 20% 
Aluminum Bal 
Titanium Aluminum Titanium 2% and 5% 
Aluminum Bal 
Vanadium Aluminum Vanadium ..2%, 5, 10% 
Aluminum Bal 


BORON ALLOYS 


Ferroboron Boron ...-14/18% 
Carbon 0.20% 
Silicon max. 3.00% 
Aluminum . .max. 3.00% 


Vanadium Grainal Vanadium 25.00% 
No. 1 Aluminum 10.00% 
Titanium 15.00% 

Boron 0.20% 

Grainal No. 79 Aluminum 13.00% 
Titanium 20.00% 

Zirconium 4.00% 

Manganese 8.00% 

Boron 0.50% 


Silicon max. 5.00% 


CHROMIUM ALLOYS 


Ferrochromium Hexagonal in shape. Weigh 
Briquettes approx. 3% Ib. and con 
tain 2 Ib. of chromium 
High Carbon Grade Chromium 66/70% 
Carbon 4/6% 
Foundry Grade Chromium 62/66% 
Carbon 4/6% 
Silicon 6/9% 
Low Carbon Grades Chromium 67/72% 


Carbon 06%, 10% 
15%, 50%, 
1.00% and 2.00% max 


Exlo® Chromium 67/72% 
Max. .025 Carbon Carbon max. 0.025% 
Grade Silicon max. 1.00% 
Max. .06 Carbon Chromium 67/72% 
Grade Carbon max. 0.06% 
Silicon max. 1.00% 

Ferrochrome-Silicon Chromium 39/42% 
Low Carbon Ferro- Silicon 40/42% 
chrome-Silicon Carbon max. 0.05% 
Experimental Ferro- Chromium 48 /52% 
chrome-Silicon Silicon 25/30% 


Carbon max. 1.50% 


CORPORATION, 


2 ib. of manganese 
Manganese 65 /68% 


cili 


Max. 1.50% Carbon Silicon 18/20% 
Grade 

Max. 2.00% Carbon Manganese 65 /68% 
Grade Silicon 15/17.5% 

Max. 3.00% Carbon Manganese 65/68% 
Grade Silicon 12/14.5% 


SILICON ALLOYS 


Ferrosilicon Two sizes, both cylindri- 

Briquettes cal. The smalier contains 
1 Ib. of silicon; the larger, 
2 Ib. of silicon 


25% Grade Silicon 22/26% 
50% Grade Silicon 47/52% 
Silblok*® 25 & 50 Same as above 

65% Grade Silicon 65/69% 
75% Grade Silicon 74/79% 
80 /85% Grade Silicon ......80/84.9% 
85/90% Grade Silicon ..... .85/89.9% 
90 /95% Grade Silicon ++ +90/95% 


Low aluminum grades 
of ferrosilicon also available. 


*Trade-mark 


SILICON METAL 


Max. 1.00% tron Silicon min. 97% 
Grade tron max. 1% 
Max. 2.00% tron Silicon min, 96% 
Grade lron max. 2% 
Low Calcium Grade Silicon min. 97% 
Iron max. 1% 

Calcium max. 10% 


SPECIAL FOUNDRY ALLOYS 


Graphidox No. 4 Silicon ... 48/52% 
Titanium 9/11% 
Calcium 5/7% 
Noduloy Alloys Magnesium 5/16.5% 
(Various Types) Silicon ..--37/67% 
Copper 0/18% 
V-5 Foundry Alloy Chromium . .38/42% 
Silicon .17/19% 


PRODUCT 


TYPICAL COMPOSITION 


TITANIUM ALLOYS 


Ferrotitanium 
High Carbon Grade 


Titanium 
Carbon 


Medium Carbon Grade Titanium 


Low Carbon Grades 
30% Titanium 


40% Titanium 


27 (32% Titanium 
Special (Various 
Types) 


Carbon 


Titanium 
Carbon 
Silicon 
Aluminum 
Titanium 
Carbon 
Silicon 
Aluminum 


Titanium 
Carbon 
Silicon 


Aluminum 


VANADIUM ALLOYS 


Ferrovanadium 
lron Foundry Grade 


Grade A 
(Open Hearth) 


Grade B 
(Crucible) 


Grade C 
(Primos) 


Vanadium 
Silicon 
Carbon 


Vanadium 
Silicon 
Carbon 


Vanadium 
Silicon 
Carbon 
Vanadium 
Silicon 
Carbon 


VANADIUM PRODUCTS 


Vanadium Metal 
90% Grade 


99.7% Grade 


Vanadium 
Pentoxide 

Technical Grade— 
Fused Form 


Air-Dried Form 


Ammonium Meta 
Vandate 
Technical Grade 


Vanadium 
Aluminum 
Silicon 
Carbon 


Vanadium 


V,0, 
v,0. 


NH.VO, 


27/32% 
max. 0.10% 
max. 2.50% 

& 5.00% 
max. 1.50 to 

2.50% 


38/42% 

about 1% 
.».-50/55% 
max. 7.50% 
max. 2.00% 
50/55% 
70/80% 
max. 2.25% 
max. 0.50% 
. .50/55% 
70/80% 
max, 1.25% 
max. 0.20% 


91.45% 
100% 
0.90% 
0.10% 


99.7% 


88/92% 
83 /86% 


min, 99% 


Send today for complete products list 


and application information. 


DE_AMERICA. 


— 


.6/8% 
....17/21% 
3/450% 
| 
max. 0.10% 
| max. 4.00% 
max. 5.00% 
2 max. 0.10% 
max 400% 
| | 
| 
Alloy | Manganese .....8/11% | 


be 


heat-treating plant 


now you can own your own 


low th cost 
high in productivity 
compact in design 


Hundreds of shops are enjoying 

the advantages of their own heat-treating 
department with this new Waltz Heat-Treating 
Furnace. It heat-treats, quenches, draws, stress- 
relieves, normalizes, anneals, with controlled 
atmospheres. You avoid costly production tie-ups 
caused by waiting for expensive outside services. 
What a money-saver right from the start... what a wise 
investment! Mail the coupon for complete details. 


Features include: 3. Furnoce and Oven doors equipped with 

1. Heating Furnace with range of 1000° to foot treadies. 

2400° F. automatically controlied (12" wide —, Two Quench Tanks for oil ond water, By 

x10” high x 18° deep). means of double wall construction, oi! tank 
2. Tempering or Drawing Oven is recirculating is entirely surrounded by woter for cooling 

type. Work is constontly bothed wiih even- oil, thus producing more uniform quenching. 

ly distributed high velocity and held to 

constant temperature by automatic control. 

Alioy steel lined with perforated shell, has 6. Shipped ready to install by simply connect- 

range of 250° to 1100” F. (21” wide x 10” ing gas and electric power line. 

high x 18” deep). 


5. Automatic electronic type controls 


A complete line of WALTZ standard or spe- 
cial heat-treating furnaces, using all types 


of fuels are built to suit your requirements. 
Write for comprehensive 


cowpany 


SYMMES STREET 
CINCINNATI, OHIO 
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A substantial lessening of the time 
required for specimen preparation as 
well as almost complete freedom 
from flowed metal layers, is attribut- 
ed to the use of the diamond abra- 
sives. There is also a marked im- 
provement in specimen flatness and 
inclusion retention. 

Ferrous Materials The majority 
of ferrous specimens are in a satis- 
factory condition for visual examina- 
tion at the end of the diamond 
abrasive stages. Specimens to be 
micrographed should be finished for 
a short time by the magnesia slurry 
method. With austenitic materials 
or lamellar pearlitic specimens where 
disturbed metal persists, it is sug- 
gested that the repolishing be car- 
ried back as far as the 4 to 8-# dia- 
mond abrasive. The authors claim 
that if the technique is correctly car- 
ried out no artifacts should appear 
after the first etching. 

Exceptionally good retention of 
nonmetallic inclusions is obtained 
consistently by the standard routine 
procedure. However, coarse flake or 
nodular graphite constituents are 
pulled out by the nap of the cloth. 
The author mentions that remedial 
measures for this will be discussed 
in a future publication. 

For critical preservation of edges, 
the author suggests a napless cloth 
such as heavy cotton drill for the 
preparation of the diamond polish- 
ing pads. The edges of composite 
specimens, such as electroplated tin 
or zinc, should be protected by a 
plate of flash copper over which iron 
is plated to form a guard for the 
edges. 

Aluminum and Aluminum Alloys 
~The majority of aluminum alloys 
can be satisfactorily finished by the 
conventional magnesia slurry meth- 
od; the skid polishing method of 
finishing is recommended for high- 
purity aluminum. As a precaution 
against electrolytic attack on alumi- 
num, it is recommended that either 
an insulating disk be used under the 
cloth or an aluminum disk be em- 
ployed. 

Magnesium and Copper Alloys — 
The common cast magnesium alloys 
are adequately finished by using the 
magnesia slurry methods. In_ this 

(Continued on p. A-88) 
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HEAT TREATING 
FURNACES 


UP TO 2000° F. OR MORE 


This car-type annealing furnace 
is an example of the heat treat- 
ing furnaces designed and engi- 
neered by the Carl-Mayer Corp. 
This particular car bottom fur- 
nace was designed for the heat 
treatment of chain up to 2000°F, 
at Cleveland Chain & Mfg. Co. 
We also build furnaces for other 
uses, including aluminum and 
magnesium heat treating. 


This battery of three aging ovens in- 
inporates direct gas-fired recirculating 
air heating systems and other features 
which contribute to uniformity and 
faster, more economical production in 
a large aluminum company. 


Investigate the advantages and pat- 
ented features offered in the heat treat- 
ing furnaces and ovens designed and 
built by the Carl-Mayer Corp.—vwrite 
for the new, illustrated folder today. 
Bul. HT-53. 


THE CARL-MAYER CORP. 
3030 Euclid Ave., Cleveland, Ohio 
— 


your order for alloy steel bars, 

billets and forgings, in whatever size, shape 
and treatment you need, is 

well on its way to being filled. 


All seven of our modern warehouses are located in 
principal industrial areas...near you. Each one is well- 
stocked: equipped to fill your alloy steel requirements 
promptly, whether you need standard AISI, SAE or our 
own special HY-TEN steels—“the standard steels of to- 
morrow”. Every warehouse, too, is staffed with experts in 
metallurgy who are ready to serve you. 


Write today for your FREE copies of Wheelock, Lovejoy 
Data Sheets. They contain complete technical information 
on grades, applications, physical properties, tests, heat 
treating, etc. 


near you... 
Warehouse Service — Cambridge « Cleveland « Chicago 
Hillside, N. J. ¢ Detroit « Buffalo « Cincinnati 
In Canada —Sanderson-Newbould, Ltd., Montreal and Toronto 


WHEELOCK, LOVEJOY & COMPANY, INE. 


134 Sidney Street, Cambridge 39, Massachusetts 
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Improved Production through 
Better Heat Processing 


Rockwell belt conveyor, electric furnoce for 
bright hardening small springs in controlled 
atmosphere; work conveyed automatically from 
to 900° F. furnace through quench tank to discharge. 


Rockwell standard batch type, recircu- 
lating oven; gas, oil or electric; for 
annealing, drawing, aging or baking 


Rockwell continuous roller hearth furnace, gas- 
fired, for clean anneoling brass and copper 
tubing ot approx. 7000 Ibs. per hour. 


Right—Rockwell car type gas-fired furnace with | 
unique construction heating and recirculoting 
features for heating steel loads up to 50,000 
Ibs. at 1600° to 2200° F., and stress relieving 7% 
at 1275° F. to 1600° F. 


Rockwell continuous belt conveyor, muffle type, 
gas-fired furnace with long cooling section for 
bright annecling copper products in controlled 
atmosphere. 


Rockwell vertical oven with external electric 
heoter and recirculating system for “solu 
tion” heating of lorge aluminum extrusions 


On your next heat processing problem check with Rockwell 


ms, 2045 ELIOT STREET 7 FAIRFIELD, CONN. 
Sales Representatives in Principal Cities 
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case distilled water is used in mak- 
ing the slurry. High-purity magne- 
sium must be finished by the skid 
method. Some difficulty is experi- 
enced with water attack, particular- 
ly around the inclusions. 

The majority of copper alloys are 
finished by the skid method. It is ad- 
vantageous to increase the rate of 
finish by the addition of 0.1 to 0.5% 
ammonium persulphate to the mag- 
nesia paste. 

Reviewer's Comments — The au- 
thors show thirteen superb examples 
of metallography. They attribute a 
large measure of this quality to the 
use of diamond abrasives. Improve- 
ments in both the preliminary grind- 
ing and finish polishing stages also 
contribute to the success of the sys- 
tem. The cast abrasive-wax lap is also 
a considerable improvement over 
fine abrasive papers in the produc- 
tion of a flat surface with well-pre- 
served edges and good retention of 
nonmetallic inclusions. 

It should be stated at the outset 
that metallography is an art rather 
than a science. Every experienced 
metallographer has his own tech- 
niques for the preparation of speci- 
mens. The success of any technique 
lies in the skill with which it is 
applied. 

The writer stopped using wax 
laps several years ago when simpler 
methods became known. When only 
a few specimens are being prepared, 
the maintenance of cast wax laps 1S 
quite simple but when the specimens 
number into the hundreds, laps be- 
come difficult to maintain in usable 
condition. 

A further thought is relative to 
the use of magnesia for the final 
polish. The authors state that it is 
not necessary to use distilled water 
with this abrasive except for pure 
magnesium. Could it be that the 
water in Australia does not contain 
dissolved carbonate? In the writer's 
estimation, there are many better 
abrasives available for finishing the 
majority of specimens. We use mag- 
nesia only on very difficult materials 
and then always by the “skid” meth- 
od. Alumina, sapphire dust, and 
chromium oxide are satisfactory for 
work at highest magnifications with 
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REED-PRENTICE 
DIE CASTING MACHINES 


“HI-SPEED, HI-PRESSURE” PLUNGER Produces Dense, 
Uniform Aluminum and Magnesium Castings 


The Reed-Prentice “Hi-Speed, Hi-Pressure” plunger unit—available 
for both 1%G and 2G cold chamber die casting machines—increases 
plunger speed to 10,000 inches per minute and adds a final high 
pressure squeeze. 

This results in extra-dense, porosity-free castings of uniform high 
quality . . . assuring you of repeat orders from your customers. 

Capacities per shot of the 142G and 2G are as follows: 


Machine Magnesium Aluminum 
2.5 |b. 3.75 |b. 
2G 6 bb. 9 Ib. 
The “Hi-Speed, Hi-Pressure” Plunger unit can be applied to machines 


now in use as well as to new machines. 


Here's full information on 
the “Hi-Speed, Hi-Pressure’’ Plunger Unit. 
Write today for your copy 


—_ 


REED-PRENTICE CORP. 


WORCESTER 4, MASSACHUSETTS 
Affiliate of PACKAGE MACHINERY COMPANY 


REPRESENTATIVES: Houston—Steel & Machine Tool Sales Co.; Seattle & Spok Stor Machi 
Co.; Minneapolis—Chas. W. Stone Co.; Los Angeles—Western Molders Supply Co. 

BRANCH OFFICES: 75 West St., New York 6, N. Y., 1213 West 3rd St., Cleveland 13, Ohio; 
4001 N. Elston Ave., Chicago 18, Illinois; 2842 W. Grand Bivd., Detroit 2, Michigan. 


plunger 
speed-- 
10,000 
in./min. 
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Box A containing full furn- 
ace load of parts process- 
ing in work chamber. Box 
B—tfully loaded, pre-heats 


in the upper vestibule. Box 


C—fully-loaded, waits on 


conveyor. 


Box A completely proc- 
essed, moves out to eleva- 
ator and is lowered into 
quench; bringing pre- 
heated Box B to loading 
level. Box B is pushed into 
heat chamber and door is 
closed. 


After proper interval, 
outer door is opened. Box 
Cis placed on upper eleva- 
tor and raised to pre-heat 
position as Box A is lifted 
from quench and removed <== 
from lower elevator. 


Sealed Cycles; double door seal 
affords complete flexibility of 


processing without exposing heat 
chamber to air contamination. 


cooling. Quench is 
rupted quenching. 


TYPE, CONTROLLED 
MOSPHERE FURNACE! 


12045 Woodbine Ave., Detroit 28, Mich. 
Phone: KEnwood 2-9100 
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most specimens. None oi these form 
carbonates and they are much faster 
and simpler to use. 

The general technique employed 
by the reviewer has for some time 
been as follows: 

1. Grinding: (a) Rough grinding: 
No. 3 emery paper on a rotary disk 
grinder. (b) No. 1, 0, 2/0 and 3/0 
metallographic emery _ polishing 
paper on a glass plate with paraffin- 
kerosene mixture as lubricant for 
the 3/0 step, earlier if abrasive has 
a tendency to embed in the speci- 
men. (c) Buehler No. 1434 Microcut 
paper on glass plate. This paper is 
better after some use. 

2. Polishing: (a) 4 to 8-« diamond 
(Diamet Hyprez, Buehler No. 
1548), on red felt. (b) 0 to 2-« dia- 
mond (Diamet Hyprez, Buehler No. 
1546), on red felt as above. (c) 0 to 
4-# diamond (Diamet Hyprez, Bueh- 
ler No, 1544), on microcloth. As a 
lubricant, Diamet Hyprez fluid 
(Buehler No, 1542) is used with all 
grades of diamond. This is applied 
very sparingly with an atomizer. 


Carbon tetrachloride is dangerously 


toxic and is used only in a good 
hood for washing specimens between 
wheels. There is considerable varia- 
tion in the quality and reliability of 
the diamond polishing compounds. 
No trouble has ever been experi- 
enced when Diamet Hyprez has 
been used. 

3. Finishing: It has never been 
found necessary to finish any ma- 
terial of the hardness of soft steel 
or above beyond the diamond 
wheels, even for work at highest 
magnifications. Softer materials are 
finished on a Miracloth (Buehler 
No. 1595) wheel using Metpolish 
No. 3, Buehler No, 1564. Extremely 
soft materials are finished on silk 
velvet using Shamva, always by 
the skid polishing technique. 

The prevention of the formation 
of disturbed metal layers (artifacts ) 
is a matter of making sure that every 
stage in the polishing process is an 
efficient cutting one. Flowed metal 
is produced by rubbing (buffing) 
and not cutting. 

While diamond abrasives are ex- 
pensive to buy and use, if the num- 
ber of specimens per hour and the 
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PYRO 


Instruments for Precision 
Temperature Measurements 


The Simplified PYRO 
Optical Pyrometer 


Gives 


accurate 


tempera- 


tures at a glance Any 


operator can quickly deter- 
mine temperatures of mi- 
nute spots, fast moving ob- 
jects and smallest streams 
Completely self-contained, 
no correction charts or ac- 
cessories needed. Weighs 
only 3% Ibs. Direct read- 
ing with special types for 
true pouring temperatures 
of molten ferrous metals 
Five temperature ranges 
from 1400° F. to 7500° F 
Ask for free Catalog No 


Surface Pyrometer 


Designed to meet all plant 
and laboratory surface and 
sub-surface temperature 
measurements with selec- 
tion of thermocouples and 
extension arms. The im- 
proved Pyro is quick act- 
ing, accurate, light-weight 
and rugged It features 
large 4%” direct reading 
scale, automatic cold end 
junction compensator and 
shielded steel housing—all 
combined to offer highest 
precision, accuracy and de- 
pendability Available in 
five standard ranges from 
0-300° to 0-1200° F 


Ask for free catalog No. 168. 


NEW PYRO 


Micro-optical 
Pyrometer 


pa “ for precision temperature meas 
n the laboratory, yet sufficiently portable to 
Use for general plant operations, the new 
Mic Optical Pyrometer has been developed to meet 
the demand not only for } her degrees of accuracy at 
als reater versatility in measurement of temperatures 
ov ‘ 
enwures targets less than in diameter, and 
by mear f supplementary lenses, can be adjusted fo 
focal distance from five inches to infinity Mountings 
on table-top and floor-type tripods are available, and 
horizontal adjustments of the telescope, Wide-scale 
direct treading meter makes for egiremely socurate 
reproduction of temperatures Ask for free catalog 


THE PYROMETER INSTRUMENT CO. 
Bergenfield 21, New Jersey 
New Plant and Laboratory 


Manufacturers of Pyro Optical, Radiation, Immersion 
and Surface Pyrometers for over 25 years 


Thompson Precision-Engineers 
Light Metal Castings for 
All industry 


HE fisherman trolling for the 

big one and the farmer work- 
ing his south forty have one thing 
in common—both can count on 
Thompson. The fisherman's out- 
board motor and the farmer's 
tractor engine are each improved 
by precision-engineered castings 
produced by Thompson's versa- 
tile Light Metals Division. 


In the case of the tractor, it's 
any one of several parts, including 
the piston, that is produced by 
Thompson — with the outhoard 
motor, one of the parts produced 
by Thompson is the propeller. 


Outboard motor propellers and 
tractor engine pistons are but 
two of the many light, strong, dur- 
able castings designed, developed 
and manufactured by Thompson 
for a diversified list of customer 
uses. Today Thompson is produc- 
ing light metal castings for such 
products as buses and garbage 
disposers; washing machines and 
jet planes; automobiles and indus- 


trial engines; ice scoops and air- 
craft engines. 

Behind this ability to aid all 
forms of industry are over 50 years 
experience in research and manu- 
facture of precision metal parts. 
Regardless of your product, if you 
use castings, Thompson's creative 
engineers will gladly show you 
where and how you can simplify 
your operations and save on costs 
with Thompson Light Metals 
Castings. 


For a detailed description of the 
Thompson Light Metals facilities 
which are available to you, send 
for your free copy of “Creative 
Castings.” Just write to Dept. 
MPH, Light Metals Division, 
Thompson Products, Inc., 2269 
Ashland Road, Cleveland 3, Ohio. 


You can count on 


LIGHT METALS DIVISION 
2269 Ashland Rd. + Cleveland 3, Ohie 
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controlled 


Since 1890 


First in Ammonia 


we BARRETT 


BRAND 


Anhydrous Ammonia 


eep costs in line with protective atmospheres of 

nhydrous Ammonia. Also keep safety factors high! 
Use Barrett Brand Anhydrous Ammonia —as 3 
or as dissociated Hydrogen and Nitrogen. 


Barrett Brand Anhydrous Ammonia dissociates to 
give 75% Hydrogen — 25% Nitrogen as gas. Cost- 
wise, you get an advantage of at least 2-to-1 over 
either element in “pure” form. And with Barrett 
Brand Anhydrous Ammonia you get freedom from 
water — because Barrett Brand Anhydrous Ammonia 
is really dry. 


Safety factors make Anhydrous Ammonia preferred 
for protective atmospheres, bright annealing, powder 
metallurgy, brazing and other furnace operations 
utilizing pure Hydrogen or Nitrogen. 


Ammonia needs a valve pressure of less than 20 psi— 
one one-hundredth the pressure required for Hydro- 
gen. Ammonia is classified as non-flammable. The 
dissociated Hydrogen present at any time needs only 
localized safety measures. 


Look into the savings, convenience and safety of 
Barrett Brand Anhydrous Ammonia. 


Call your nearest Barrett Brand dealer or Nitrogen 
Division office for help in changing to Anhydrous 
Ammonia. Barrett Brand Anhydrous Ammonia is 
available in 150, 100 and 50-lb. cylinders. Tank truck 
and tank car lots are also available. Order today. 


NITROGEN DIVISION 


ALLIED CHEMICAL & DYE CORPORATION 
40 Rector Street, New York 6, N. Y. 
Hopewell, Va.* ironton, Ohic* Orange, Tex.* Omaha, Neb. 
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cost of labor are considered, the 
economics of the production of 
polished specimens and the quality 
of the finished work are greatly in 
favor of diamond abrasives. 

If the specimens sre very soft 
materials, the diamond polishing 
(Step 2) is best omitted in its en- 
tirety and an intermediate polishing 
step using sapphire dust (Micro- 
polish, Buehler No. 1549) on Mira- 
cloth is used for a coarse polishing 


step. 
P Roy L. ANDERSON 


Production and Heat 
Treatment of Light-Alloy 
Drop Forgings* 


cuTern dimensional tolerances, 

along with demands for higher 
strength and careful control of metal- 
lurgical properties, have introduced 
new procedures in the production of 
aluminum and magnesium alloy drop 
forgings for the aircraft industry. 
They include such factors as die de- 
sign, forging design, choice of forg- 
ing stock, heat treatment, pickling 
and inspection. Quality control ex- 
tends to tensile tests on specimens 
taken from forged bars at various 
angles to the grain direction, hard- 
ness tests on finished forgings, macro 
and micro-examination. 

Drop forgings made in closed dies 
require impressions to be sunk into 
both die faces. The parting line is 
determined by the general symmetry 
of the forging. Where several alter- 
natives are present, the choice is 
governed by such metallurgical or 
mechanical factors as grain flow and 
strength required in service 

Die faces normally are flat, but 
some forgings can be shaped only by 
“stepping” or inclining the faces at 
an angle. Dies generally are of Ni- 
Cr-Mo steel and are machined in 
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*Digest of “The Production of 
Light-Alloy Drop-Forgings, Their 
Heat Treatment, Inspection, and 


Testing”, by W. T. Edmunds and 
R. C. Lloyd, Journal of the Inatitute 
of Metals, Vol. 83, February 1955, 
p. 247-261. 
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FOR DEGREASING, DESCALING AND ELECTROPLATING 


Depend on these Du Pont products and processes 


FOR VAPOR DEGREASING: You get bright, 
thorough cleaning for any class work . . . in any vapor 
degreaser with TRICLENE® D trichlorethylene. An ex- 
clusive Du Pont formulation gives it rugged resistance 
to all the major causes of solvent deterioration . . . yet 
TRICLENE D cleans safely even the most delicate metal 
surfaces. This means a higher standard of vapor de- 
greasing and reduced maintenance cost . . . at no extra 
cost to you! 


BRIGHT, CLEAN, DRY parts coming from the vapor degreaser after 
being quickly, economically cleaned with Du Pont TRICLENE D. 


FOR DESCALING: With the Du Pont-pioneered 
Sodium Hydride Process you can thoroughly descale 
any metal unaffected by fused caustic at 700° F — 
within 20 minutes or less. And because bath action 
stops the instant scale is reduced, there’s no loss of 
base metal . . . no pitting or etching to cause costly 
rejects. Scale-breaking operations, necessary with older 
descaling methods, are eliminated entirely, and the 
process is so easy to operate that any pickler can be 
trained to run it within hours. 


AFTER SODIUM HYDRIDE TREATMENT, reduced scale on carbon 
steel wire is blasted off with a water quench. 


FOR ELECTROPLATING: You can depend on 
Du Pont plating chemicals and processes for economy 
and high-quality results—in barrel, still, semi- or fully 
automatic equipment. 


For Zinc Plating: ZIN-O-LYTE® plating salts and 
chemicals; DUROBRITE® Addition Agent 309, 

For Cadmium Piating: CADALYTE” plating salts 
and chemicals. 

For Copper Piating: COPPRALYTE® plating salts. 
For Copper and Sliver Plating: Sodium Cyanide 


BARREL PLATING with Du Pont ZIN-O-LYTE. Brilliant deposits ore and Potassium Cyanide. 
obtained directly on parts of all sizes and shapes. 


For more information on any of these products or ELECTROCHEMICALS 


processes write to E. |. du Pont de Nemours & Co. 


(Inc.), Eiectrochemicals Department, Wilmington 98, DEPARTMENT 


Delaware, or call the Du Pont office nearest you. 
DISTRICT OFFICES: BOSTON + CHARLOTTE * CHICAGO + CINCINNATI 
CLEVELAND * DETROIT * Et MONTE (California) « KANSAS CITY* 


NEW YORK ¢ PHILADELPHIA * EXPORT DIVISION, WILMINGTON, DEL 


“Borade & Page, inc. Better Things for Better Living .. . through Chemistry 
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Chicago.12, Minois 

‘ During the last fifty years, the Hotpoint Company has pioneered 

7 in the development of the electric range to its present highly 

; refined state. Naturally, dependable regulation of oven tem- 

peratures is essential to efficient operation. Therefore, the 
Hotpoint range depends upon Chace Thermostatic Bimetal as an 

f integral part of the temperature controlling thermostat. 

{ The Hotpoint thermostat functions to control oven heat by two 

: means: an oven-mounted sensing bulb reacts to a preset tem- 
perature by the expansion of contained fluids which impart a 
force on the expansible and contractible bellows assembly (A), 

os and on the operating blade (B), to break the circuit of the double 


pole contacts (C), with a snap-action. 

Since much of the fluid contained within the bellows assembly 
is exterior to the oven and subject to the expansion and con- 
traction effects of extraneous temperatures, Chace Thermostatic 
Bimetal (D) is employed in a section of the operating blade to 
function as an automatic compensator for eliminating the effects 
of undesired temperature sensing. Its flexing adds to or sub- 
tracts from the forces of curvature of the operating blade de- 
pending upon whether the temperature is below or above the 
design base —average room temperature. 


Prolonged oven operation will cause a temperature build-up 
in the range backsplasher (as high as 200° F.) so that the range, 
if not provided with a compensating Chace Thermostatic Bimetal 
element, would supply temperatures some 120° F. lower than 
desired. 

Write now for our free booklet containing design and 
application data for the 29 different types of Chace Ther- 
mostatic Bimetal. 


W. M. CHACE CoO. 


Thermostatic Bimetal 


1626 BEARD AVE., DETROIT 9, MICH 
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the hardened and tempered condi 
tion to avoid distortion. 

Die life is related to the design of 
the particular forging. Some dies are 
good for up to 2000 pieces; however, 
where the design involves sharp 
radii, uneven sections, deep lugs or 
bosses, runs will be much shorter 
because of erosion and cracking. An 
important factor is the lubricant used 
on dies. Oil impregnated with graph- 
ite, and petroleum jelly with graph- 
ite are common combinations. 


Pre-Formed Blanks Favored 


Forging of aluminum alloys is 
done at 680 to 900° F., depending 
upon the alloy involved. Actually, 
there is comparatively little move- 
ment of metal in the die impression. 
For normal forgings, the blank 
usually pre-formed by hand or free 
forging methods, is approximately 
the length and width of the die im- 
pression. Displacement of metal is 
confined to bosses and lugs, with 
excess material being forced into 
the flash. A recess or “gutter” is sunk 
into the die a short distance from 
the impression to provide an outlet 
for flash later to be removed by 
band saw or press trimming dies. 

Hammer sizes must be considered 
carefully in relation to the weight of 
the blank or pre-form. Usual range 
is 5 to 20 tons gross weight. Forg- 
ings with small radii may require a 
considerable number of blows and 
reheating of the blank several times 
before they completely fill the die 
impression. However, prolonged 
hammering over a range of tempera- 
tures may result in laps or folds in 
the metal. Moreover if the radius is 
adjacent to the flash line — or metal- 
escape route flash-line cracking 
may be encountered. 

Ring-type forgings are a good 
example of the use of pre-formed 
blanks. The metal to be forged is 
flattened to a circular disk and a 
hole is bored through the center. The 
disk is then placed on a mandrel and 
forged down to the required diam- 
eter. The effect is to produce a 
grain flow which extends completely 
around the circumference. The ring 
is then forged on the finishing dies 
to the desired surface contour. 
(Continued on p. A-96) 


HOW CHACE THERMOSTATIC BIMETAL 
ECTRIC RANGES 


rey. 
TUBING and 


Write for the latest stock list 


Contact our nearest office or write to 
Peterson Steels, Inc., Springfield Road, 
Union, New Jersey. Address Dept. M. 


PETERSON STEELS, 


UNION, MEW JERSEY 
MICH. CHICAGO, 


HEV! DUTY VERTICAL 
RETORT FURNACE 


This versatile furnace may 
be used for all major 
heat treating operations. 
Multiple zone tempera- 
ture regulation and the 
positive pressure atmos- 
phere control assure uni- 
form results from heat 
to heat. Bulletin HD-646. 


HEVI DUTY BATH 
TEMPERING FURNACE 


Even heat at exact tem- 
peratures. Continuous 
agitation of the oil gives 
the surface of the bath 
on appearance of boiling 
though the bath is with- 
oul gos pockets. Bulletin 
HD-336. 


HEVI DUTY ROTARY 
HEARTH FURNACE 


Designed to operate at 
temperatures up to 2500° 
F. Many of these fur- 
naces are heating jet en- 
gine parts prior to forg- 
ing. A protective atmos- 
phere prevents scale and 

the decarburization of 

~ high temperature alloys. 
Maximum capacity is 
1500 pounds per hour. 
Bulletin 153. 


At your service are experienced Hevi Duty Engineers able to recommend 
that exact furnace for your production system. 


HEVI 


DUTY ELECTRIC COMPANY 


MILWAUKEE 1, WISCONSIN — 
Heat Treating Furnaces... Electric Exclusively 
Dry Type Transformers Constant Current Regulators 


AUGUST 15, 1955; PAGE A-95 


for 
\\ 
BARS N d § 
bs 
, 


Get dependable 
results 


“QUALITY-CONTROLLED” 


PHERES— 
for CONTROLLED ATMOS 
GAS CARBURIZING—INDUSTRIAL HEAT 


For more than 33 years “Pyrofax” gas has 
met industry’s most exacting requirements in atmosphere 
generators and gas carburizers. Complete quality control 
over every shipment of gas makes certain it is free from 
moisture, corrosive sulphur and other contaminants that might 
cause scaling, coking or “poisoning” of generator catalysts. 
“Pyrofax” gas is essentially propane with a heating value 
of 2500 BT U's per cubic foot. It has been used successfully 
in a wide variety of industrial applications including ovens, 
forges, furnaces, cutting, brazing, flame-hardening, and 
metallizing. Meets all safety requirements — listed as 
Seu Standard by Underwriters’ Laboratories, Inc. 


Available in easy-to-handle 
cylinders or large capacity bulk 
tanks. No cylinder or tank 

investment required. 


Distributed in 28 states east of the Rockies, and Eastern 
Canada, Look under “Gas-Bottled” in Yellow Pages of tele- 
phone directory for nearest distributor of write to: 


PYROFAX GAS CORPORATION 


A Unit of Union Carbide and Carbon Corporation 
2965 Madison Avenue, New York 17, N.Y. 


“Pyroflax” is a registered trade-mark of Pyrofax Gas Corporation 
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Heat Treatment... . 


As to choice of forging stock, ex- 
truded bar, if free from defects such 
as “double skin” or those resulting 
from overheating during extrusion, 
is most suitable as a general-purpose 
material. Difficulties may arise from 
large grain on the end sections of 
extrusions unless the bars are pro- 
duced by the lubricated extrusion 
method. The latter requires machine 
turning before forging. 

Rolled bar is better than extruded 
sections for forgings which must be 
entirely free from coarse grain. Cast 
stock or material pressed from a 
cast ingot is useful for making forg- 
ings larger than what can be made 
conveniently from extruded 
However, extrusions now can be 
obtained up to about 13 in. diameter 
and this is sufficient for most types 
of impact forgings. Larger pieces 
are best made in hydraulic presses. 


Heat Treatment 


Solution and precipitation heat 
treatments are usually carried out 
in batch-type electrically heated pit 
furnaces, in conjunction with elec- 
trically heated water quench tank 
and high-speed hoist. Sealing and 
ducting of the top of quench tanks 
is advisable to contain the large 
volumes of steam, particularly where 
loads of 25,000 to 30,000 Ib. are 
being quenched. 

Salt baths for precipitation heat 
treatment are lower in initial cost 
but may have higher operating cost 
due to excessive salt drag-out. Salt 
fluidity naturally is lower than with 
high-temperature salt baths. Another 
disadvantage is that they cannot be 
operated below approximately 300° 
F. and some aluminum alloys are 
aged at lower temperatures. 

Forgings may distort on quench- 
ing and this must be corrected as 
quickly as possible, either in a press 
or by impact. With irregular shapes, 
it may be necessary to hold the part 
securely in a jig which indicates 
when distortion has been eliminated. 


Inspection Techniques 


Inspection centers around the 
search for cracks and folds in finished 
forgings, the most vulnerable spots 
being flash areas, radii between web 


(Continued on p. A-98) 
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Sandvik's catalog gives thickness width, 
hardness, types of edges and weight in 
pounds per hundred feet. Also includes 
useful reference tables ... Weights of Strip 
Steel, Comparative Table of Wire Gauges, 
Numerical Conversion Tables, Hardness 
conversion Tables and a Temperature 
Conversion Table. 


SANDVIK SWEDISH SPECIALTY 
SPRING STEELS ARE USED FOR 


Textile Machine Parts such as sinkers, 
needles, etc. * Band Saws (metal, wood 
and butcher) * Camera Shutters * Clock 
and Watch Springs * Compressor Valves * 
Doctor Blodes * Feeler Gauges * Knives 
such as cigarette knives, surgical instru- 
ments, etc. * Razor Blades * Reeds ° 
Shock Absorbers * A Wide Variety of 
Springs * Trowels * Vibrator Needs * 
Piston Ring Segment and Expanders, etc. 


$$-102 


... 100k into 
this bookfull 


Sandvik’s wide range of sizes and grades gives you a better chance 
of getting a steel that fits your application “like a glove”. 

You see, Sandvik’s Catalog is literally a bookfull of answers to 
specialized steel requirements. It lists hundreds of sizes in various 
analyses of both cold rolled and bright annealed steels and hardened 
and tempered steels. Take a look. You can probably put your finger 
on the size, finish and physical performance that’s exactly right 
for you. 


Sandvik Swedish specialty strip steels are available: 


In specialized analyses for specific applications. 

Precision-rolled in thicknesses to fit your requirements. 

In straight carbon and alloy grades. 

Annealed, unannealed or hardened and tempered. 

Polished bright, yellow or blue. 

With square, round or dressed ‘ 

Wide range of sizes in stock—also slitting facilities available. 

Have the Sandvik catalog handy for present or future refer- 
ence. A brief note on your letterhead, will bring you your compli- 
mentary copy. 


SANDVIK STEEL, INC, 


1702 NEVINS ROAD, FAIR LAWN, NEW JERSEY 
Tel. Fair Lawn 4-6200 © In New York City: WAtkins 9-7180 
Warehouses’ Fair Lowe, WJ. . Cleveland . Los Angeles 
Branch Offices: 230 W. Michigan Chicage |, FRankie 5608 

1736 Columbus Road, Cleveland 13, Otte, CHerry | 2303 

3608 E. Olympic Bivd., Los Angeles 23, Cal, ANgetus 3.6761 
IN CANADA: 
SANDVIK CANADIAN LTD. P. 0. Drawer 490, Station 
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HEAT TREATING EQUIPMENT 
FOR 


EVERY HEAT TREATING REQUIREMENT 


FURNACES 
CONTROLLED ATMOSPHERE 
DIRECT FIRED 
“CIRC-AIR” DRAW 


“CIRC-AIR” NICARB 
(carbonitriding) 


BATCH—CONTINUOUS—PUSHER 
WALKING BEAM—BELT CONVEYOR 
ROLLER BOTTOM—ROTARY 
CAR TYPE—POT—CHAIN 


MARTEMPERING POTS 
ENDOTHERMIC GENERATORS 
FURNACE LOADERS 
CHIP DRIERS 


GAS—OIL—ELECTRICALLY HEATED 


Specially Engineered 


For Your Particular Needs 


INDUSTRIAL 
HEATING EQUIPMENT 
COMPANY 


2570 FREMONT PLACE DETROIT 7, MICHIGAN 


OFFICES PRINCIPAL CITIES 
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Inspection .. . . 


and ribs, and sharp bends. If de- 
fects do not extend far below the 
surface, they can be removed by 
filing at right angles to the crack; 
if deeper, flexible-shaft rotary cut- 
ters will do the job. If the forging 
becomes undersize after removal of 
a defect, it must be reheated, re- 
struck in dies and again heat treated. 

Crack detection is aided by anodic 
oxidation of the forgings, using the 
chromic acid process. This treatment 
is general practice on all finished 
aircraft forgings. It is a searching 
test for cracks since the electrolyte 
easily penetrates them and subse- 
quently seeps out, leaving brown 
stains in the surface oxide film. The 
process has the advantage over 
etching methods of crack detection 
in that it may be applied to fully 
machined forgings without any re- 
duction in dimensions, and also fur- 
nishes a corrosion resistant coating. 

Internal cracks, for the most part, 
can be discovered only by ultrasonic 
testing, although this type of test is 
confined to forgings of relatively 
simple shape. It has not become a 
standard method in British industry. 
Most internal defects spring from 
unsound forging stock, so they can 
best be avoided by adequate testing 
and inspection of the material be- 
fore forging. 

Mechanical properties and metal- 
lurgical structures of aircraft drop 
forgings are checked meticulously. 
Each batch of heat treated forgings 
is represented by at least one set of 
three control test bars of the same 
analysis. Bars are forged to about 
1% in. square at the same time as are 
their corresponding forgings. If the 
bar stock is small, control samples 
are heat treated without forging. 
They serve merely to establish the 
response to heat treatment of the 
material and not the mechanical 
properties of the finished forgings. 
The latter are checked with test 
pieces cut from various locations in 
the heat treated forgings, as speci- 
fied in the design. Such tests are 
made on one piece from the first 
lot made on new dies and on further 
samples taken at regular intervals. 

Tensile properties vary consider- 
ably according to the angle between 
(Continued on p. A-100) 
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CONSISTENCY 
TODAY 
TOMORROW 


NICKEL SILVER « PHOSPHOR BRONZE . BRASS 


For over three quarters of a century, industry's nonferrous metal users have said .. . 
“SPECIFY SEYMOUR, YOU KNOW IT’S GOOD!" 


NICKEL SILVER ALLOYS 


1OA7-10% | 12A1-12% | 12A4-12% | 15A1-15% | 18A1-18% | 18A4-18% 
WPBcccveconcvccccecccccsbovececesesousess Forming Forming Spring Forming Forming Spring 
71.5% 65% 56.5% 65% 65% 55% 
10.0%, 12% 12.0% 15% 18% 18% 
18.5% 23% 31.5% 20% 17% 27% 
Point OF. 1950 1900 1870 1970 2030 1930 
Density, Lbs./eu. 0.314 0.314 0.312 0.314 0.316 0.314 
Aver. Linear Coefficient of Expansion per °F |0.0000090 | 0.0000090 | 0.000009! 0.0000090 | 0.0000090 | 0.0000093 
Electrical Conductivity 9% 8% 7.5% 7% 6% 5.5% 
Modulus of Elasticity 

(Tension) Thousands p.s.i...........060055 17,500, 18,000, 18,000, 18,000, 18,000, 18,000, 


PHOSPHOR BRONZE ALLOYS 


971-3% 950-5% (A) 928-8% (Cc) 910-10% (0) 
97%, 95% 92% 90%, 
3% 5% 8% 10% 
Melting Polat Riad 1950 1920 1880 1830 
0.321 0.320 0.318 0.317 
Aver. Linear Coefficient of Expansion per °F 0.0000099 0.0000099 0.0000101 0.0000 102 
Electrical Conductivity 1ACS............-0055 22% 16% 13% 11% 
Modulus of Elasticity 

(Tension) Thousands p.s.i..... 15,000, 15,000, 15,000, 


BRASS ALLOYS 


Alloy Number... 265 270 280 285 287 290 
Yellow Cart, 70% | lew, 80% Red, 65%, | Jwiry, 87.5 | Com. Br. 90 
ten 65% 70%, 80%, 65%, 87.5% 90%, 
35%, 30%, 20%, 15% 12.5% 10%, 
Melting Point (Liq.) 1710 1750 1830 1680 1695 1910 
Density, Ubs./eu. im... 0.306 0.308 0.313 0.316 0.317 0.318 
Aver. Linear Coefficient of Expansion per °F |0.0000113 0.0000111 0.0000106 0.0000104 0.0000 103 0.0000102 
Electrical Conductivity 1ACS..... 27% 28%, 32%, 37% 40%, 44%, 
Modulus of Elasticity 

(Tension) Thousands p.s.i..... 15,000, 16,000, 16,000, 17,000, 17,000, 17,000, 


SEND FOR YOUR FILE OF SEYMOUR TECHNICAL DATA 
THE SEYMOUR MANUFACTURING COMPANY © SEYMOUR, CONN. 
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Magnesium Forgings . . . 


the axis of the test piece and the 
grain or fiber of the forging, being 
highest, of course, at the zero angle, 
or parallel, location. 

Both macro and micro-examina- 
tion are important phases of quality 
control in aircraft drop forgings. The 
former is carried out on a routine 
basis for checking structure, the 
grain flow of which is usually speci- 
fied. Microsections are taken regular- 
ly from heat treated forgings to 
guard against overheating. Micro- 
examination also is used to investi- 
gate defects, both in forgings and 
in raw stock. 


Forging Magnesium Alloy 


A magnesium alloy with 3% Zn 
and 0.7% Zr has been found suited 
to high-strength drop forgings. 
Techniques are similar to aluminum 
alloys, forging temperature range 
being 570-930° F. 

The preferred orientation which 
occurs on plastic deformation of 
magnesium gives rise to directional 
properties. In free forging, for ex- 
ample, cast stock draws out or 
elongates easily until the original 
cross-sectional area has been re- 
duced by about one half. Further 
working does not produce any more 
elongation but results in bulging 
Solid investments that pay for themselves in two years op 
or less — that’s what concerns that have installed Gas 
Atmospheres’ gas generating equipment have to say se ly 


; . ing leads to cracking along corners. 
about these compact, money-saving units. 


If you now use carbon dioxide, nitrogen, or inert gases by free forging because of high 
in the manufacture or packaging of your product, or directional stresses arising in ex- 
are considering adapting this modern method to your trusion. Forging such material leads 
operation, let Gas Atmospheres show you, with your 
own figures, how you can save the cost of the equipment 
in two years or less, and from that point on have the ow 
most inexpensive gas supply available. une 


nesium alloy. 
A. H. ALLEN 


gas 


equipment for dyeing industric| gases 
20011 WEST LAKE ROAD CLEVELAND 16, OH'0 
Gas Atmospheres designs and manufactures a complete line of 
nitrogen, CO,, inert, endothermic, low ratio exothermic generators 
in all capacities — refrigerant and desiccant dryers and purification 


equipment. 


METAL PROGRESS; PAGE A-100 


* 
carbon’ 
| dioxide 
nitrogen. 
¥ 


WAUKESHA has the 
CORROSION-RESISTANT METALS 
to make the quality castings you need to help solve your tough product design problems. 


STAINLESS 
STEEL 


APPLICATION 


Select From Among These Typical 
Waukesha Foundry Metals 


“WAUKESHA” METAL 
(copper base, high nickel content alloy) 


APPLICATION 


Martensitic—Straight chromium, hardenable. 
Machinable. Weldable. Magnetic. 


High stress rotating parts—1100° F. maximum. 
Turbine blades. 


Valve trim, oil refinery equipment, pump shafts, 
heat-treated machined parts. 


Pinions, gears, shafts, aircraft fittings. 
Gears, shafts, molds for plastic and rubber. 
Valve parts. 
Valve parts, any place maximum hardness is 
required. 
Ferritic—Straight chromium, non-hardenable. Machin- 
able. Magnetic. Corrosion-resistance superior to Group |. 


Trim work exposed to atmosphere or water. 
Hardware. 


Used for scale-resisting purposes. Furnace parts, 
baffles, blowers, and trays. 


Heat treating fixtures, tank parts, mild corrosion 
applications. 


Valves, valve parts, food machinery equipment, 
pump cylinder, free machining. 

Dairy equipment parts, fittings, magnetic traps. 
Textile equipment, dye vats. 

Furnace parts, pump parts, chemical equipment. 


Furnace conveyors, boiler baffles, oven equipment, 
furnace castings. 


Valves, fittings, condensers, chemical equipment. 
Valves, chemical equipment, pumps. 
Stabilized—used where welding is required and 
welded part cannot be heat treated. 

Furnace parts. 

Valves, pressure fittings — stabilized —can be 
welded without subsequent heat treatment. 


For high hardness—high tensile characteristics 
and good wearing qualities. 


Good bearin 
Recommende 
blades. 


and wear resisting qualities. 
for frictional parts such as scraper 


Rather hard, high tensile strength, good wear 
qualities. Recommended for conveyor chain links, 
cams. 


Has good resistance to wear and also on high 
pressures. Recommended for bottle slides, pump 
rotors. 


A general-purpose alloy of medium hardness. 
Used in many applications such as milk and car- 
bonated beverages, chain links and sanitary fittings. 


Recommended for use in ice cream freezer cast- 
ings. Can be used as a frictional part with other 
"Waukesha" metal alloys. 


This alloy recommended where tin, lead and zinc 
are not required. High strength. 


Recommended for use in shafts and applications 
involving pressure and high tensile strength. 


A widely used, practical alloy for valves, fittings 
and general applications. 


For physical and chemical characteristics—special 
applications. 


Bearing alloy to be used in conjunction to the 
stainless steel alloys for non-galling applications. 
Copper free. 


Same as above. Recommended for more severe 
corrosion applications 


OTHER WAUKESHA NON-FERROUS CORROSION-RESISTANT METALS 


MONEL... Monel is a high nickel content copper 
alloy. There are several types which have been devel- 
oped to mect the requirements for specific applica- 
tions of corrosion resistance and bearing qualities. 
PURE NICKEL . . . Special applications require very high 
corrosion resistance. These requirements are often 
met by Waukesha pure nickel alloy. 

INCONEL... Inconel is a high nickel content alloy 
containing chromium and iron for corrosion-resistant 
properties. 

BRASS AND BRONZE...AIl grades of these alloys 
are available. 

ALUMINUM... Cast aluminum alloys are offered to 
meet all specifications. Including heat treat alloys. 


evenour ... This is a silicon bronze alloy which in 
certain applications offers excellent corrosion re- 
sistance. The alloy offers the corrosion resistance 


properties of copper and the physical properties of 
mild steel. 


ALUMINUM BRONZE... One of the newest alloys to 
be available at Waukesha Foundry are many grades 
of aluminum bronze. The aluminum bronze alloys 
are used where hardness and tensile strength superior 
to standard bronze is required. 


Most of these alloys have exceptional bearing quali- 
ties and are used for heavy-duty service where the 
parts may be subjected to impact. Good elongation 
and strength combine for excellent wear resistance. 


Why Wavkeshe—Created Metals: To solve the manifold prob- 
lems confronting engineers, Waukesha has mastered the 
foundry techniques of a wide variety of corrosion-resistant 
metals to meet present-day casting design needs for equip- 
ment in many industries. If yours is a corrosion-resistant 
casting design problem of hardness, strength, elongation, 
wear resistance, bearing qualities, impact, scale resistance, 
seizing or galling or intergranular corrosion among others— 
Waukesha has the metal and the casting know-how to solve it. 


Quality Control: Metallurgical laboratory control of every 


production step, top engineering casting design, and skilled 
craftsmen guarantee you castings that are uniform, close- 
grained, free of porosity, metallurgically accurate in compo- 
sition, and dimensionally correct... castings precisely to 
specifications ... castings that stand up to the severe demands 
of today's designs. 

Waukesha has the facilities to supply your production 
casting needs on schedule. We suggest that you write, today, 
for a casting quotation or engineering counsel on your casting 
designs. 


Waukesha Foundry Company, 5525 Lincoln Avenue, Waukesha, Wisconsin. 


WAUKESHA "CREATED METALS"’ FOR THESE 


DAIRY BEVERAGE AVIATION SOAP Company 
FOOD BREWERY MARINE SURGICAL PETROLEUM HOUSEHOLD 
CANDY BAKING TEXTILE COSMETIC CHEMICAL ORNAMENTAL WAUKESHA, WISCONSIN 


WAUKESHA: SPECIALISTS IN CORROSION-RESISTANT CASTINGS FOR ALL INDUSTRIES 


AUGUST 15, 


INDUSTRIES 
PHARMACEUTICAL REFRIGERATION 
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METALLURGICAL 


by UNITRON 
We invite you to try any model in your own 
laboratory for 10 days at no cost or obligation! 


UNITRON METALLOGRAPH 
and UNIVERSAL CAMERA 
Microscope, New Model U-11 


| observation, measurement, and 
phy of both opaque and trans- 
caren specimens. 


Bright feild, dark feild, and polarized 
lumination. 


Revolving nosepicce with 5 objective 
lenses, 4 photographic eyepieces, 3 visual 
eyepleces. Coated optics, Magnification 
range: 25-2 


@ Compact and entirely self-contained with 
built-in x 4%" camera, high-inten- 
sity iMuminator, variable transformer. 
The image is automatically in focus in 
the camera—transition from observation 
to photography is instantaneous. 

@ Transmitted light accessories for trans. 

parent specimens included. 

Calibrated square mechanical tage with 

calibrated rotatable stage plate 

Many other important features and acce 

sories including calibrated selarizine 

apparatus, filters, micrometer eyepieces, 

flim holders, ete. Cabinet. 

mm camera attachment, low power 

5-40K) accessories, and binocular eye- 

available at extra cost. 


COMPLETE UNIT only 1145 
fob Boston s 


UNITRON Laboratory Model MMU and Student Model MMA 
These models ploneer several new fea- Features of Model MMU include 


tures available for the first time and, 

in addition, Include features found Guo focusing. 
only in instruments selling for well calibrated drawtube. 

over twice our unusually tow prices. Apparatus and 5 filters. 
for metals and other opaque speci. with 
mons and also transparent specimens 40X, 100X 
under both ordinary and polarized PEX, PIOK, 
light, These models far surpass the (iitustrated) ? 
usual metatiurgical microscope in ver- COMPLETE only 

satility and make ideal all purpose 

laboratory microscopes. 


Features of Model MMA include 


@ transformer built into microscope 
base. 


@ single focusing 

@ vertical itluminater with iris dia- — 
phragm and ‘ with objec 

@ iNuminator mounts on stage for 5x, 10 
oblique evepieces 5X, 8X, 15% 

mouate substage for $1 49 
ransparent spe 

coated optics. COMPLETE only 


@ filters: polaroid, frosted, 
UNITRON Model MEC an 
is of the inverted type and @ large mechanical stage with 
designed for visual observa- eraduated circular rotatable 
tion of metals, ores, min- stage plate 
erals, etc. includes many @ calibrated polarizing appara- 
of the features of the Mode! tus. 
Metallograph which 


ted ith ; i @ coated optics 

are connec w visua 

mens. 25-1500X. oil. 

. built inte micro- @ syepicces: PSX, Micrometer 
ee base, 10X, KISK. 


Mentecter with iris COMPLETE only 19. 
fob Boston 
@ coarse fine focusing. 


UNITRON Metallurgical Microscopes are chosen by leading firms such as Union Carbide and 
Carbon, Goodyear Atomic, General Motors, American Smelting and Refining, CB8S-Hytron 
Sperry Products, Raytheon Arthur OD. Little, Corn Products Refining, Sprague Electric, Nationa 
Bureau of Standards, etc. These companies are particularly well equipped to appreciate precision 
workmanship, value, and quality, Why not find out more about these fine instruments. 


Free 10-day trial offer— The UNITRON Microscope Catalog 
We invite you to try any UNITRON Microscope is yours for the asking! 


im your own laboratory for 10 days at absolutely give, com late 
all nat rume - 

nO cost or obligation. Verify ite fine optical and scribed on this page as well as others which we 

mechanical performance. Let the instrument prove know you will find of interest 

ite value to you before you decide to purchase Write for your free copy to Dep't. MH 


United Secentifie Go. Milk st. 


Fatigue Strength of 
Aluminum Alloys* 


ATIGUE tests were made by the 
alternating torsion method (de- 

scribed in Journal of the Institute of 
Metals, Vol. 72, 1946, p- 97) by 
which one end of the specimen (the 
stressed part is 0.39 in. diameter) 
is twisted back and forth by an 
electromagnetic arrangement at a 
frequency of about 1000 cycles per 
sec. The vibration of the other 
end is detected electromagnetically 
through an electronic amplifier, and 
the ratio of the excitation current to 
the detector voltage provides an in- 
dication of the internal damping. 
The damping capacity is measured 
continuously during the fatigue test 
to detect changes in the hysteresis 
loss. The surface stress is computed 
from the strain measured optically. 

The fatigue tests were made on 
specimens machined from heat 
treated extruded 1.25-in. round bars 
of an alloy containing 4.4% Cu, 0.6% 
Mg, 0.7% Si, and 0.6% Mn. 

At the highest stress used, 20,360 
psi., the damping rose from the start 
of the fatigue test to 87 x 10° at 
0.1 million cycles and about 185 » 
10~° at 1.5 million. At lower stresses, 
such as 13,730 to 17,960 psi., the 
damping remained practically con- 
stant at about 15 to 30 « 10° for 
over a million cycles at the higher 
stress, and for nearly a hundred mil- 
lion at the lower stress before rising 
sharply. This rather abrupt increase 
in damping could not be attributed 
to cracking, as two of the specimens 
in which it occurred were not 
cracked at the end of the test. 

The variation of damping with 
strain is thus characteristic of the 
condition of an alloy. The change in 
condition due to alternating strain 
was compared with changes due to 
heat treatment. First the change in 
damping of a fully heat treated 
(precipitation hardened ) specimen 
is moderate with increasing stress up 
to about 14,000 psi., but increases 
about 5-fold with increasing stress 
between about 7000 and 14,000 

(Continued on p. A-104) 


*Digest of “Fatigue Phenomena in 
High-Strength Aluminum Alloys”, 
by R. F. Hanstock, Journal of the 
Institute of Metals, Vol. 83, Septem- 
ber 1954, p. 11-15. 
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- AJAX-TAMA-WYATT Low Frequency Induction Fur- 

are made in a wide range of sizes, from 20 to 1000 
KW, to meet demand for large volume or small special 
lots. They are adapted to the full range of non-ferrous 
metals and alloys. Their use insures faster production, 
uniform quality, less maintenance and lower operating cost. 


SOME APPLICATIONS 


Die Castings 

Sand Castings 

Permanent Mold Castings 

Scrap Recovery 

Billets for Rolling and Extrusion 
Galvanizing and Aluminizing of Stee! 
Continuous Casting of Metals 


Rejects are reduced. For special applications, an. 
Automatic Electromagnetic Pump allows continuous feed- 
ing of molten metal into the molds as they move past. 
Hand ladling is eliminated. Temperature is also auto- 
matically controlled and there is no chance of overheating 
the bath at any time during the melting cycle. 


WRITE FOR FURTHER INFORMATION 
AJAX ENGINEERING CORP., TRENTON 7, Wi. J. 


FURNACE 


AJAX ELECTRO METALLURGICAL CORP... ond Associated mes 
AJAX ELECTROTHERMIC CORP... Frequency induchen 
AIAX ELECTRIC CO., The Awe Hultgren Get 
AIAK ELECTRIC FURNACE CORP., Wyatt lor Meting 
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Send for 
FREE booklet 


YOUR ANSWER TO CRITICAL 
METALLURGICAL PROBLEMS 


XECUTIVES concerned with metallurgy and 
kK product design will be interested in this 
story of Urtica’s Metals Division, one of the 
largest producers of vacuum melted alloys. 


With facilities and experience second to none, 
Urica has been in volume production of vacuum melted alloys 
for more than two years—and is helping designers to extend 
product performance and to meet extremely critical conditions. 


This 8-page, illustrated brochure is yours for the asking. Kindly 
write us on your business letterhead. 


Offer of our facilities 
is subject to priority of 
national defense orders 
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Utica Trade Mart 


UTICA DROP FORGE AND TOOL CORP., 


ALLOYS 


UTICA, N. Y. 


Fatigue... . 


psi. when the test was made after 10 
million cycles of alternating torsion 
at a surface shear stress of 17,960 
psi. Heat treating this specimen for 
2 hr. at various temperatures be- 
tween 390 and 570° F. caused the 
damping to increase faster with in- 
creasing stress, and no sign of 
inversion to the original unvibrated 
condition was shown, even though 
some temperatures were high enough 
to coarsen the precipitate. Heating to 
890 or 930° F. followed by quench- 
ing and aging restored the damping- 
stress curve to its original flat shape, 
and further vibration then had the 
same effect as before. 

Alternating strains within the fa- 
tigue range produced an effect on 
the damping-stress curve in the solid- 
solution state similar to that of 
thermal aging. The similarity in 
damping occurred only up to the 
stress (or strain) reached during the 
application of the alternating strains, 
higher stress giving sharply  in- 
creased damping. The precipitation 
hardening induced by cyclic strain- 
ing is therefore probably not uni- 
form, but only in certain grains. New 
regions may be affected by the ap 
plication of higher alternating strains 
for a brief period, returning the 
damping-stress curve to one charac- 
teristic of a thermally aged specimen. 

Metallographic evidence of pre 
cipitation induced by cyclic strain- 
ing was obtained from torsion-fatigue 
test specimens machined from heat 
treated extruded 1.25-in. round bars 
of an aluminum alloy containing 
0.4% Cu, 2.7% Mg, 0.5% Mn, and 
5.3% Zn. Short, fine circumferential 
cracks grouped in lengthwise streaks 
on the surfaces of tested specimens 
are illustrated. These first appeared 
with the rise in damping preceding 
the development of a major fatigue 
crack, Precipitation associated with 
these streaks of incipient cracks is 
also illustrated. Solution heat treat 
ment at that stage removed the pre- 
cipitation, but not the cracks. The 
precipitation is believed to have oc 
curred before the cracks. 

The damping of a specimen rose 
from 15.1 x 10° to 436 x 10 
on vibration at a stress of 20,360 
psi. for 0.38 million cycles, and some 

(Continued on p. A-106) 
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Mixers, installed near bott 
low floor level. See diagram below, 


How do you get uniform hardness in a 
cast steel gear weighing 72 tons? 

The Falk Corporation (Milwaukee) 
does it with this king-size water quench 
tank, equipped with five 25-horsepower 
propeller-type LIGHTNIN Mixers. 

The gear is quenched at Wisconsin 
Steel Treating & Blasting Co. for The 
Falk Corporation, who engineered the 
process. 

To speed heat extraction, the Licut- 
NIN Mixers churn the water violently 
during quenching. The resulting turbu- 
lence constantly wipes and wets every 
square inch of the huge gear surface. 

Temperature of the gear drops from 
1600°F to 300°F—producing the de- 
sired hardness over the entire gear, 
which is 1042 feet in diameter. 

“We are fully satished with LIGHTNIN 
Mixers for this important quenching 
operation,” says Edward J. Wellauer, 
Falk's Assistant Chief Engineer. “The 
mixers were installed late in 1954 and 
have given us excellent results ever 
since.” 

Don't let size keep you from getting 
better physical properties, greater tough- 
ness in quenched parts. You can im- 
prove hardness uniformity, reduce or 
eliminate warpage and cracking, re- 
treats and rejects—by quenching parts 
as small as a lock washer, as big as a 

105mm gun barrel, with LIGHTNIN 
Mixers. Write us today for facts on 
LIGHTNINS that will give you the results 
you want. 


MIXING EQUIPMENT Co., Inc. 
171 Mt. Read Bivd., Rochester 1], N. Y. 
in Canada: Greey Mixing Equipment, Ltd., 100 Miranda Ave., Toronto 10, Ont. 
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QUENCHED from 1600°F to 300°F, this 10'4-foot gear 
owes its uniform hardness to violent agitation of quench 
water by five propeller-type side entering LIGHTNIN 
of 12-foot-deep tank, be- 


1) 


No spots in this 7\-ton gear 


| 
| 


UNIFORM TURBULENCE in bath wipes 
vapor film rapidly from entire surface of 
geor, for maximum liquid contact and 
best possible heot transfer conditions. 


SIDE ENTERING unit is one of many 
LIGHTNIN types you con get, in sizes 
from Ve to 500 HP. You can use LIGHTNIN 
Mixers for standard quenching, martem- 
pering, austempering; for batch or con- 
tinuous work; in new or existing quench 
tanks of any size and shape. 


Lohtainr 
Mixers. 


Fatigue... . 


fine surface cracks were found. After 
heat treatment to remove precipita- 
tion the damping fell to 10 x 10° 
and when vibrated again at 20,360 
psi. for 0.14 million cycles the damp- 
ing rose to 200 X 10° and a major 
fatigue crack formed. Since the 
damping fell on heat treatment even 
though fine cracks were present, the 
rise in damping which precedes 
fatigue failure must be caused pri- 
marily by precipitation induced by 
cyclic straining, rather than by the 
cracks, 

Aluminum alloys having high 
static strength as a result of precipi- 
tation are unstable in fatigue. Cyclic 
stressing affects them like aging at 
too high a temperature, except that 
the precipitation is localized rather 
than general, and the static strength 
may thus not be affected. Their fa- 
tigue strength is determined by the 
magnitude of the cyclic stress neces- 
sary to initiate precipitation and by 
the strength of the regions where the 
over-aging occurred. 

G, F. Comstock 


Method for Removing 
Oxygen From Titanium* 


B. Osponn of the Royal Air- 

craft Establishment, succeeded 
in removing at least 70 to 80% of the 
oxygen from oxygen-titanium alloys 
by vacuum sublimation. However, 
the amount of electrical energy was 
prohibitive for a competitive com- 
mercial process. 

Titanium-oxygen alloys were pre- 
pared with the intended composi- 
tions of 2, 6, and 16% (by weight) 
oxygen — using titanium sponge hav- 
ing a Vickers hardness of 176, and 
titanium dioxide powder —to give 
alloys containing alpha plus beta, 
alpha, and alpha plus TiO, respec- 
tively, at 2730° F. The 2% oxygen 
alloy was triple arc melted in an ar- 
gon atmosphere and hot forged into 

(Continued on p. A-108) 


*Digest of “An Attempt to Sepa- 
rate Titanium from Oxygen by Vac- 
uum Sublimation, and Some Meas- 
urements of Evaporation Rates”, by 
A. B. Osborn, Journal of the Insti- 
tute of Metals, Vol. 83, January 
1955, p. 185-188, 
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When considering Induction Heating Equip- 
ment for Hardening, Brazing, Soldering, 
Annealing, Forging, or Melting— 


* 


OSCILLATORS 
radio frequencies, nomi- 
mally 450,000 cycles per 


TOCCO, since it manufactures both the motor-generator and tube oscillator 


type induction heating unit, (60 cycle equipment, too, when needed) offers 
you a completely unbiased equipment recommendation — the right equip- 
ment to help you cut costs, speed production and improve product quality. 


THE OHIO CRANKSHAFT COMPANY 


THE OHIO CRANKSHAFT CO. 
Dept. R-8, Cleveland 1, Ohie 


Please send copy of “Typical Results of 
TOCCO Iaduction Hardening and Heat 
Treating” 
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O, from Ti... . 


bar 1 em. diameter and 12 em. long. 
Because of brittleness, the 6 and 16% 
oxygen alloys were crushed to pow- 
der after are melting and pressed 
and sintered in vacuum, then ma- 
chined to the same size bar as the 
2% alloy. X-ray examination of the 
two high-oxygen alloys suggested 
values of 6+ 1 and 16 + 2% oxygen 
by weight. 

The apparatus 
water-cooled Pyrex cylinder with 
the titanium-oxygen alloy bar sus- 
pended vertically inside and the 


consisted of a 


appropriate vacuum seals and con- 
nections to supply the heating cur- 
rent to the specimen and allow for 
its thermal expansion. The specimen 
was surrounded by a cylinder of 
titanium foil, which remained cool 
enough to condense and collect the 
sublimate. 

Each bar was heated to 2730° F., 
as measured by an optical pyrome- 
ter, by passing alternating current 
through the specimen. A tempera- 
ture of about 2910° F. was required 


to evaporate the 16% alloy. A pres- 
sure of less than 4 * 10% mm. Hg 
was maintained during the evapora- 
tion. After coating 
(about 2 g.) had deposited on the 


an adequate 


titanium collector, the foil was re- 


moved, cut into strips, and are 
melted into a button. Hardness 
measurements were made on the 


cross section of the button and the 
oxygen content estimated from the 
hardness curve derived by Jenkins 
and Worner. The results are in the 
tabulation on p. A-109. 

Each sublimate contained about 
70 to 80% less oxygen than the titan- 
ium alloy bar from which it was 
evaporated. Since the collector foil 
was known to contain some oxygen 
originally, actually more oxygen was 
removed than is indicated in the 
table. 

The evaporation rate of the titan- 
ium-oxygen bars was calculated from 
the weight of sublimate collected on 
a separate slip of titanium foil 
mounted just outside a 5-mm. diam- 
eter hole in the larger foil collector, 
with the area through which the 
vapor passes and the time being 
The necessary corrections 


known. 


MODEL BJL-I 
DYNAMIC 
CREEP-TESTER 


Dependable * Accurate 
Economical © Compact 
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The industrial version of a well-known university-laboratory 
Creep-Testing Machine combining accuracy, ease of set-up and main- 
tenance, compactness, and reasonable price. 

. . Dynamic force 4,000-pounds, Maximum 
.. Maximum creep 0,475". 


Static force 0 to 5,000-pounds , 
amplitude 0.050” . 


Dynamic stress extensometer measures creep directly from ends of speci- 


men—accurately and automatically. 


CATALOG UPON REQUEST 


We invite inquiries about our new complete line of IVY Universal 
Fatigue-Testing Machines from 200 to 120,000-pound capacities. 


THE | V Y COMPANY 
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were made for the absorption by 
the water bath and the various glass 
surfaces, through which the optical 
pyrometer temperature measure- 
ments were made. 

The evaporation rates determined 
for the 6% oxygen alloy, which is 
alpha plus beta at 2730° F., are of 
the same order as those for pure 
titanium. However, the value found 
for the 16% alloy, which is alpha 
plus TiO at 2900° F., is about one- 
seventh of that for pure titanium. 

If composition followed the same 
temperature law as titanium, the 
volatility at 1940° F. would be neg- 
ligible (about 0.4 * g- per 
sq.cm. per hr.). The author there- 
fore repeated Ehrlich’s experiment 


in which he heated the 6% alloy in 
vacuum in both alumina and zir- 
conia crucibles for 36 hr. at 1940° F. 
and found no change in weight. This 
result confirms the prediction that 
the alloy with 6% oxygen is not vola- 
tile at 1940° F. 

The rate of evaporation measure- 
ments made on the 6% alloy showed 
that the purification of 1 lb. of titan- 
ium in the experimental apparatus 
would require about 1600 kw-hr. of 
electrical energy. The author pre- 
dicts that the efficiency of the pro- 
cess might be reduced to 800 kw- 
hr. per lb. of material, but this is 
still too high for an economic indus- 
trial method of purification. 

R. J. 


Oxygen Content and Hardness 


TrvaniuM WEIGHT OF Weicnt or | Vickers OXYGEN 
Bar SUBLIMATE | Fou HaRDNESS«# | Limirt 
| 
2% Oxygen 3.6 g. 1.7 g. | 272 0.6% 
6% Oxygen 20 1.7 315 1.0 
16% Oxygen 1.6 1.8 | 569 5.1 


* Button of foil plus sublimate; hardness of the titanium collector 
foil was 284. tEstimated upper limit in sublimate 


60% savings 


conjunction with 
& W Ammonis 
Olsseciator. Siep 
ing intet and exit 


Bright annealing or brazing are obtained with atmosphere savings of better 
than 60%. A comparable horizontal type conveyor furnace that required 


Doors Open 8” Above Belt! 


S & W “A” Type Furnaces now used to 
bright copper braze stoinless steels hove 
8 cleorance above belt — contradicting 
usual belief that working height of con- 
stantly opened furnace doors must be 
less thon 3° to get bright work. Ask 
about other ingenious installations. 


SARGEANT & WILBUR, INC. 


186 Weeden Street, Pawtucket, R. |. 


Complete Line of Electric and Fuel-Fired Furnaces To Meet Every Industrial Need 
Atmosphere Generators * Ammonia Dissociators + Gas Conditioning Equipment 


600 CFH used approximately 125 CFH 
in the sloping hood model. With the 
alloy muffle, the “A” type furnace as- 
sures “high production” bright anneal- 
ing, hardening and brazing to stainless 
steel processors. 


Write today for details on § & W Full 
Muffle “A” Type Conveyor Furnaces. 
State your regular requirements — we'll 
advise without obligation. 
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POWDERED METALS 
and ALLOYS 


@ CHROMIUM METAL "98" 
@ FERRO CHROMIUM 
(LOW, HIGH AND “EXTRA” 
HIGH CARBON GRADES) 
@ FERRO COLUMBIUM 
(10:1 — Cb:Te GRADE) 
@ FERRO COLUMBIUM. TANTALUM 
@ FERRO MANGANESE 
(LOW, MEDIUM AND 
HIGH CARBON GRADES) 
@ FERRO TITANIUM 
(LOW CARBON 30% 
AND 40% Ti GRADES) 
@ FERRO TUNGSTEN 
@ FERRO VANADIUM 
@ TUNGSTEN “MELTING BASE ALLOY” 
@ TITANIUM ALUMINUM 


PROCESSED MINERALS 
and ORES 


CHROMITE 
PLUORSPAR 
(COARSE AND FINELY 
GROUND GRADES) 
@ HAUSMANNITE 
(MANGANESE OXIDE) 
ILMENIFE 
CARBONATE 
IRON OXIDE 
(HEMATITE AND 
MAGNETITE ORES) 
@ KAOLIN CLAY 
“SM” MICA 
@ RUTILE "96" 
(MILLED AND GRANULAR) 
@ ZIRCON — ZIRCONIUM SILICATE 
(MILLEO AND GRANULAR) 
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THOMASTON, 
CONN. 


buy 


buy 


... when it costs less to have Plume & Atwood 
do the stamping, forming or drawing of 
non-ferrous metals than you would have to 
pay to duplicate our equipment and know-how. 


... when you need the exactness and 
attention required of quality polishing, plating, 
buffing, lacquering and intricate assembling 
that would put your production costs and 
schedules out of line. Plume & Atwood has 
the most modern equipment and perfected 
methods in the field. 


... your own stamped or formed products 
better than ever by using P&A’s finest brass, 
phosphor bronze or nickel silver. Because 
we cast and roll sheet and coil for our 

own use, we know your fabricating problems 
and requirements — the metal is tailor-made 
for your specific needs. 
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Effect of Iron 
on Aluminum 
Casting Alloys* 


6 lees paper describes how the del- 
eterious influence of iron on type 
A-S 13 Alpax alloys can be de- 
creased. The composition is Si 12.0 
to 13.7%, Fe 0.75% max., Mn 0.30%, 
other elements not over 0.10%. 

Microscopic examination reveals 
four phases in these alloys: (a) crys- 
tals of alpha solid solution of alumi- 
num containing small quantities of 
iron, silicon, and manganese; (b) sili- 
con lamellae that accompany the 
alpha phase in eutectic regions, sili- 
con being present as regular crystals 
in improperly modified alloys; (c) 
plates of intermetallic compound, 
m, present in alloys that are high 
in iron and low in manganese; (d) 
massive crystals of intermetallic 
compound, ¢, in alloys that are high 
in manganese and low in iron. 

The unusual constituents of these 
alloys are coarse silicon crystals and 
phases ¢ and m. They are hard and 
may act as hard spots during ma- 
chining. Phase m is undesirable for 
two additional reasons (a) it forms 
large, brittle plates that make the 
high-iron alloy very brittle, and (b) 
interfere with the feeding of the 
casting. 

These three constituents are im- 
portant only when they are primary 
phases, because, when they form 
before the alpha phase, they are 
coarse. The quality of high-iron 
A-S 13 alloy can be improved by 
avoiding the formation of crystals 
of m, by decreasing their size, or 
by replacing them by the less detri- 
mental c phase. 

The author has tried to determine 
the primary zones in the Al-Fe-Si- 
Mn diagram for the usual cooling 
conditions and to establish a_rela- 
tionship between chemical compo- 
sition and mechanical properties. 

The alloys investigated contained 
between 12.4 and 13% silicon, be- 
tween 0.55 and 1.20% iron, and be- 
tween © and 1.30% manganese. Test 
bars were cast in sand and in per 
manent molds. (Cont. on p. A-112) 


*Digest of “Influence of Iron and 
Manganese on Type A-S 13 Alloys”, 
by Claude Mascré, Fonderie, Vol. 
108, January 1955, p. 4330 to 4336. 


Vital Engine Parts Protected! 


A harder coating, with better corrosion and A high-tin-content fluoborate bath produces 
wear resistance, is produced with a low tin- coatings of excellent solderability on electronic 
content B&A fluoborate bath for protecting or electrical parts where the use of a non-cor- 
bearings and other engine parts. Additional rosive flux is desired. It also gives a uniform 
uses include depositing coatings on pistons and coating that expedites assembly, and where 
similar parts to provide marginal lubrication the parts can be fused, the B&A Fluoborate 
during break-in periods, electro-cladding wire alloy bath can be used to deposit the solder, 
and plating threaded parts for needed lubrica- eliminating costly hand soldering 


tion properties. 


NOW...You Can Plate 
CUSTOM-MADE Alloy Coatings 
with BzA Lead and Tin Fluoborates! 


Ks 


short-cuts to producing better, more economical Clip to your letterhead and mail today! 


These are high-speed, low-cost operations . . . 


products. 

BAKER & ADAMSON” PRODUCTS 
GENERAL CHEMICAL DIVISION 

ALLIED CHEMICAL & DYE CORPORATION 

40 Rector Street, New York 6, HM. Y. 


The plated coatings shown are actually tailor-made to ! 

specific requirements with Baker & Adamson Lead and i 

Tin Fluoborate Solutions. When protective and lubri- ! 

cating coatings are required, as in bearings, lead-tin | 

alloys of low tin content are readily plated. Where a " 

deposit of good solderability is desired, as in electronic | 
parts, alloys with 40-60% tin content can be produced. 

B&A Lead and Tin Fluoborate Solutions, combined in 

! 

! 


Please send, without obligation: — 


© Your Technical Bulletins No. TC38351, RA38351, 
and RB38351 on applications and techniques for plat- 
ing lead and tin alloy coatings 


©) Information on applications of other B&A Metal Fluo- 


a bath using alloy anodes, produce dense, fine-grained, hesates. Gpecily type 


uniform deposits with pre-determined 
characteristics. Send the coupon for de- 


tailed technical bulletins. 
BZA Fluoborate Plating Chemicals include: 
Lead + Tin + tron + Copper + Nickel Cadmium Company 
indium + Antimony* Chromium* + Cobalt® 
Fiuoboric Acid City 
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occuracy of gauge thot is 

Bw associated with MicroRold 
ainless steel up to 36” 
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Up fo wide, 


Gshington Steel Corporation’ 


how has under construction @ 
52” Sendzimir' Cold Rolling Mill 
together with collateral focili- 
es capable of producing 48" 
Wide sheets. This expansion 
costing approximately 
$2,600,000, is expected to be” 
Smpleted eorly in 1956. 
“MicroRold stoiniess sheets 
ll provide greater economy in 
application and production of 
fainless steel equipment. 


METAL PROGRESS; PAGE A-112 


pOTEEL 


horizon 


Fe in Al Alloys .... 


The author presents two diagrams 
showing the theoretical and experi- 
mental regions of primary solidifica- 
tion. The first diagram shows that 
in modified alloys, phases c and m 
are primary at lower iron and man- 
ganese contents than in unmodified 
alloys. The other diagram indicates 
that, as cooling is accelerated, the 
primary alpha region is increased; 
in other words, the higher the cool- 
ing rate the higher the manganese 
and iron contents can be without 
phases c and m being primary. 

The ultimate strength and elon- 
gation of test bars cast in sand and 
in permanent molds drop rapidly 
with the appearance of primary m 
phase. The primary c phase is less 
detrimental to the ultimate tensile 
strength but causes the elongation 
to drop rapidly. 

For given iron content and cool- 
ing conditions the amount of man- 
ganese to be added to obtain maxi- 
mum mechanical properties was 
determined. No manganese addition 
is needed in sand castings if iron is 
lower than 0.75%, in permanent 
mold castings if iron is lower than 
0.90%, and in very thin permanent 
mold castings if iron is lower than 
1.05%. In sand castings containing 
more than 0.75% iron, the manga- 
nese addition required will be given 
by #@Mn=:1.7 (#Fe—0.5); in per- 
manent mold castings containing 
more than 0.90% iron the amount 
needed is #Mn=2.2 X (#Fe—0.5). 

Two types of segregation were 
noticed in these alloys: (a) micro- 
segregation resulting from the solidi- 
fication process, and (b) gravity 
segregation of silicon crystals and 
of phases ¢ and m. The latter type 
is the more important. If solidifica- 
tion is too slow, primary silicon crys- 
tals will float and primary crystals 
of phases c and m will sink. 

The conclusions of this study are 
that it is preferable to keep the iron 
content below 0.75%. If it is higher, 
its deleterious effects on mechanical 
properties, machinability and sound- 
ness are decreased by increasing the 
solidification rate or by using a 
moderate modification treatment. 
If these fail to give satisfactory re- 
sults, manganese may be added. 


A. Couture 
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844 for details. 


CTROMET 


sp airect reader for quality control 


production floor. A new instru- 90 O ra 


cot with and optical housing com- 


Dy GRATING 
COVERAGE 


Prplageoph. for research and con- 
Wel. optics not required. Simplified 


instruments ore equal to or better 


enning of the market. Consider them 
before you buy 


33 UNIVERSITY ROAD, CAMBRIDGE 38, nail 
Associates has been making optical-electronic instruments for nearly’a quarter of a ¢ 


AUGUST 15, 1955; PAGE A-113 


; 
= | 
4 RatraA . 


Monolithic Rammed Linings 
for Aluminum Melting Furnaces* 


A” eRSE economic factors of induc- 

tion melting are offset by the 
reduction in melt-loss through oxida- 
tion and volatilization, especially 
with charges of light-gage scrap. Im- 
proved alloying and homogeneity of 
the melt develop from the stirring 
action produced by electrodynamic 
forces within the molten metal. 


Since the heat is generated within 
the body of the metal, the tempera- 
ture of the refractories, even in fur- 
nace melting channels, does not 
greatly exceed the final operating 
temperature of the melt. 

Induction melting of aluminum 
alloys has been retarded by problems 
of devising a refractory lining with 


~ 


1505 ROLAND HEIGHTS AVENUE, 
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Special Metal 


TRAYS 
RACKS 
TANKS 
FIXTURES 
RETORTS 
MUFFLES 
CRATES 
BASKETS 


Free 
Literature 
on request! 


Why not get the whole story 


from an Allied sales engineer? 


METAL SPECIALTIES, INC. 


HAMPDEN STATION, BALTIMORE 11, MD. 


adequate metallurgical, thermal and 
mechanical properties to give eco- 
nomic durability. The twin-bath, 
horizontal channel type of low- 
frequency induction furnaee is most 
critical in this respeet because its 
shape is intricate and the entire 
lining, comprising baths and melting 
channels, must be installed in one 
operation. 

The choice of material and method 
of shaping for induction furnace lin- 
ings handling aluminum alloys de- 
pends upon four factors: 

1. Durability under conditions of 
thermal stress and shock. 

2. Mechanical wear from charging 
and maintenance, and erosion from 
flow of molten metal. 

3. Ease of manipulation of ma- 
terial during lining installation or 
repair, 

4. The refractory costs. 

Linings should have a glazed or 
“fritted” surface to be as nearly non- 
wetting as possible. Surface and 
body should be impermeable to the 
melt and subsurface material should 
remain unburned to retain maximum 
strength and resilience under thermal 
and mechanical stresses. 

Early attempts to cast refractory 
cement linings for the twin-bath in- 
duction furnace as monolithic en- 
velopes behind refractory brick walls 
ran into difficulties from cavities 
and spongy areas. Furthermore, the 
large surface area exposed during 
casting was likely to lose too much 
moisture and bond poorly between 
layers if, during installation, opera- 
tions were temporarily discontinued. 
Prefired refractory blocks, tongued 
and grooved for assembly and laid 
with refractory cement were con- 
sidered as linings. Lack of uniform- 
ity in the joints and the varying ef- 
fect of drying-out temperature on 
the cement and blocks caused lining 
cracks in surface joints. Finally fully 
monolithic rammed linings, fired in 
place after being shaped, were in- 
vestigated. 

Three ramming methods have 
been tried, designated as flat, “light- 
stitch” and “heavy-stitch” ramming, 
the latter two adapted from the origi- 
nal German practice. Refractory mix 
for all three is acid, approximately 


*Digest of “The Choice and Con- 
struction of Monolithic Linings for 
Twin-Bath Induction Furnaces for 
Melting Aluminum Alloys”, by E. J. 
Thaekwell, Journal of the Institute 
of Metals, Vol. 83, February 1955, 
p. 283-294, 
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72% silica clay and 28% quartz. For 
the flat-rammed lining, however, 
about 10% additional silica was used 
with 4% sodium silicate in a finer 
mixture. Meisture content is held 
between 5.2 and 6.5%. 

Flat ramming was done with 
pneumatic hammers, delivering 1400 
blows per min., at 80 to 90 psi. 
compacting tools had flat working 
faces with contact surface of 3 x 1% 
in. This lining was installed in a 
single-bath vertical channel furnace 
and required 7000 lb. of refractory. 
Material was spread in layers of 
about 2% in. loose depth, then com- 
pacted to 1% in. After each layer was 
completed, the surface was chipped 
crosswise with hand tools and loose 
material removed to form a lock 
bond and knit together each succes- 
sive layer. Forms backing up the 
lining were of mild steel lightly oiled 
to prevent adhesion. A complete lin- 
ing was produced in 10 hr. It had a 
service life of 4 to 6 weeks, gradually 
deteriorating to a laminated struc- 
ture with slag and oxide penetration 
at the interlamination bands. Non- 
wetting characteristics were poor. 

In light-stitch ramming, refractory 
was spread in layers 1% to 2 in. 
thick, and on top of each was left a 
4-in. layer of loose material which 
was crisscross scratched with hand 
tools to provide a bond for succes- 
sive layers. The idea was to “stitch” 
the material together, so to speak, 
without formation of well-defined 
layers, and also to avoid over-ram- 
ming. Total weight of refractory in 
a twin-bath furnace was 7 tons, and 
the lining was completed in 40 hr. 
It lasted 9 months. There was slag 
pickup and oxide penetration which 
made cleaning of furnace channels 
extremely difficult. 

To provide a denser lining, heavy- 
stitch ramming was introduced, with 
a somewhat different design of com- 
pacting tool, having a contact face 
13/16-in. long with a _ 1/16-in. 
radius running into a 45° taper 
at the Refrac- 
tory was added in 1-in. layers; the 
effect of the hammer tools was to 


sides and ends. 


knit successive layers together into 
a homogeneous mass. Each layer was 
finished with rapid hammer runs for 
a closely serrated finish. There was 
no scratching or chipping 

A lining of this type has now been 
in service for 32 months melting 
principally light-gage scrap much of 
which is lacquer-coated. The surface 


shows good nonwetting qualities, ab- 
sence of visible layers and negligible 
oxide penetration. Although it rep- 
resents a departure from non-dense 
resilient linings, its hardness and 
good durability more than compen- 
sate for the additional radiation from 
the denser structure. 

Linings are dried out in two 
stages, first air drying at shop tem- 
perature for a minimum of eight 
days, then raising the temperature 
gradually to that of the molten metal 
to be introduced, requiring at least 
another eight days. They are heated 


by coiled electric elements mounted 
on ceramic insulators about 7 in. 
from the lining. 

In general, the purpose of the in- 
stallation and drying out of these 
monolithic linings is to hold mechan- 
ical stresses and thermal shock to a 
minimum. Even after introduction 
of molten metal and for the first two 
weeks of operation, care is taken in 
charging and cleaning the bath walls 
to avoid damage to refractory sur- 
faces which may not be completely 
fritted or hardened. 

A. H. ALLEN 
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WATERBURY, CONN. 


Fatigue Failures 


in Aircraft* 


I» 1950, the U. S. Navy Bureau 
of Aeronautics became seriously 


concerned about several in-flight 


accidents of attack-type airplanes 
which could not be satisfactorily 
attributed to the usual causes, It 
was determined that during dive- 
bombing and rocket-launching ma- 
neuvers, squadrons operating these 
airplanes were frequently exceeding 
flight restriction limits. Some of the 
airplanes had exceeded design limit 
load conditions as much as 20 times. 
Accordingly, a project was initiated 
at the Aeronautical Structures Lab- 
oratory, Naval Air Material Center, 
to determine the effect of accelera- 
tions in excess of design limit load 
on the service life of the structure. 
The load range was also extended to 
include values below limit load so 
as to permit the accumulation of 
sufficient data to obtain an S-N 
curve for the outer wing panel. 
Prior to completion of the repeat- 
ed-load tests, a crash of a piston- 
engine fighter airplane and subse- 
quent inspection of several similar 
airplanes awaiting overhaul indicat- 
ed that fatigue might be a possible 
explanation for this crash. These 
ships were being used for intensive 
training in ground-support tactics, 
and it was standard practice to per- 
form 12 or more rocket launching 
runs with pull-out accelerations near 
design limit load conditions during 
each hour of flight. Accordingly, a 
large number of high-load-level 
pull-outs were rapidly accumulated 
by the airplanes. A test program was 
undertaken, therefore, for the dual 
purpose of obtaining information 
concerning the capability of the 
wings of this type of craft to with- 
stand repeated applications of loads 
representing high-acceleration pull- 
outs and of determining the struc- 
tural change needed in the wing 
center section to increase the useful 
life. The question then arose con- 
cerning the fatigue characteristics 
of the wing structures of the more 


*Digest of “Investigations Con- 
cerning the Fatigue of Aircraft 
Structures”, by R. A. Carl and T. J. 
Wegeng, Preprint No. 68, Ameri- 
ean Society for Testing Materials, 
1954, 23 p. 
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modern jet-type craft. The trend in 
recent years has been toward struc- 
tures with increased mean stress 
levels; this trend, viewed in the 
light of the test results obtained 
under the two previous programs, 
indicated that fatigue might be a 
serious factor in the operation of 
jet-engine fighters. Tests were per- 
formed to determine an S-N curve 
for this structure and to obtain in- 
formation concerning Miner's cumu- 
lative damage ratio. 

All test specimens were complete 
aircraft wing structures or portions 
of a wing, such as the outer wing 
panel, that were believed suscept- 
ible. to fatigue failure. Specimens 
were mounted in a manner that 
duplicated the root-end restraint of 
the structure as mounted on the 
airplane. Beam bending loads were 
applied to the test specimen through 
a tension-patch, whiffletree, and hy- 
draulic-jack loading system, and 
chordwise loads were applied 
through felt-lined straps cemented 
to the panel at appropriate spanwise 
intervals. For static tests, the loads 
were applied to the hydraulic load- 
ing system by means of hand-operat- 
ed pumps. For repeated-load tests, 
these replaced by 
motor-driven pumps, and the loads 
were controlled by a calibrated ten- 
sion loop, equipped with upper and 
lower load limit 
which operated a_ solenoid-con- 
trolled, hydraulically actuated by- 
pass valve. The load was automati- 


pumps were 


microswitches 


cally cycled between the upper and 
lower load limits for the test being 
performed. All the tests were con- 
ducted with the lower stress level 
held constant at a value correspond- 
ing to an acceleration of 1 g (accel- 
eration of gravity). The upper load 
was varied from panel to panel. 
The frequency of loading varied 
from approximately 4 cpm. (cycles 
per min.) at 60% limit load to 2 
cpm. at 120% limit load. Airplanes 
usually are designed to support 1.15 
times limit load without yielding 
and 1.5 times limit load without 
failure. Thus, the stress level in a 
critical member of the structure at 
limit load is approximately 67% of 
the ultimate strength of the material 
of that member. 

In the first test program, outer 
wing panels from piston-engine, 
propeller-driven, low-wing attack 


(Continued on p. A-118) 


How REVERE 


saves money, metal and time 
with 


REFLECTOSCOPES 


Operator probes 8-in. diameter, 7- 


to &-ft. round 


aluminum ingota from end and along axia for flawa, 


Test is simple, fast and accurate; 


keepa step with 


high-speed production; saves metal, money and time. 


Line casting aluminum ingots is a 
high-speed operation at the Balti- 
more plant of Revere Copper and 
Brass. Fast testing for flaws in 
castings is vital to their quality 
control, 


The old testing method — cutting, 
machining and etching discs — put 
a big time lag between casting and 
defect detection. 


The new testing method — probing 
ingots ultrasonically with a Sperry 
Reflectoscope — cuts that time lag 
tremendously. Performed immedi- 
ately after casting and cooling, test 
shows defects instantly. Casting 
procedure can be promptly altered. 
Ingot defects are pin-pointed and 
cut out — only sound metal passes. 


Revere also uses Reflectoscopes for 
production maintenance — checking 
hydraulic extrusion rams, tie rods, 


bolts, stems and other highly 
stressed parts for fatigue cracks — 
insuring against equipment break- 


downs. Thus, Revere gets double- 
barreled savings from Sperry 
Reflectoscopes. 


Sperry offers America’s most com- 
plete line of ultrasonic testing 
equipment for practical industrial 
applications. Ask your Sperry rep- 
resentative for full information and 
a working demonstration in your 
plant...or write or call us today. 


First in practical ultrasonic testing for more than a decade. 


Sperry Products, Inc. 
500 Shelter Rock Road 
Denbury, Connecticut 


[") Please send me a copy of your new 
Bulletin 50-105. 


Hove your representative coll. 


C) Please tell me how to arrange for free showing of 10-minute color film 
explaining the theory and application of ultrasonic testing 


Material to be tested 


Nome 
Title 
Compony 
Address 


City lone Stote 


AUGUST 15, 1955; 


PAGE A-117 


wee 


METAL PROGRESS; PAGE A-118 


SURE AND FAST 


Kinney High Vacuum Pumps have 
what it takes to fulfill the exacting 
production, research, and pilot plant 
requirements of the modern metallur- 
gical industry: 


1. Low ultimate blank-of pressure 

2. Dependable high ratio of pumping speed 
versus displacement over a wide range of 
low absolute pressures. 

3. Consistent quick recovery of operating 
pressure. 

4. Horsepower of driving member carefully 
thesen for peak load pressures, and to 
assure no delay in starting. 

5. Controlied Gas Ballast and other meens 
of handling d ble vapors available 

6. Extremely long life with low maintenance. 
no special tools required. Parts ore inter- 
changeoble ond readily available 

7. Vibration elimination by dynamic bel- 
encing. Especially desirable on portable 
units and i Hers where v jon is 

bj This e on 
late models and applicable to earlier mod- 
els of all compound model Kinney Pumps 
and 100 CFM series of single stage pumps. 

8. Multi-stage pumping systems with Mech- 
enical Booster Pumps. 


Used on hundreds of metallurgical 
production and testing jobs, Kinney 
High Vacuum Pumps are made in 9 
Single Stage and 4 Compound Models, 
plus the new Two-Stage Mechanical 
Booster Vacuum Pump. Write for new 
Catalog 425. Kinney Manufacturing 
Division, The New York Air Brake Co., 
3639 Washington Street, Boston 30, 
Mass. International Sales Office, 90 
West Street, New York 6, New York. 


District offices in Boston, New York, Philadel- 
phia, Cleveland, Chicago, and Los Angeles are 
all competently staffed to discuss your vacuum 
requirements. Los Angeles office carries complete 
stock and has full service facilities. 


Aircraft Failures . . . 


airplane was utilized. The testing 
condition was representative of a 
positive low angle of attack pull-out 
in which one of the 500-Ib. bombs 
mounted on the wing racks had been 
dropped, but the bomb on the op- 
posite wing had not, thus requiring 
a small amount of aileron displace- 
ment to maintain symmetrical flight. 
A static test was first performed, 
failure occurring when 154% limit 
load was applied. The failure ap- 
parently originated in the lower 
wing skin immediately aft of the 
main beam at station 160 and was 
followed by a tension failure of the 
lower main beam capstrip at sta 
tion 162. These station numbers re- 
fer to spanwise locations on the wing 
measured in inches from the cente; 
line of the airplane. Repeated-load 
tests were then performed with one 
panel at a time installed on a wing 
center section which was used as 
a mounting jig. A total of nine outer 
wing panels, including the static test 
panel, were tested in the program. 
The tests showed that the lower 
spar cap crack was a first indication 
of fatigue damage, followed by 
cracking of the tension skin, and 
then by total failure of the panel. 
The lower hinge fitting in the wing 
center section was also subject to 
failure from fatigue. 

For the second test program, four 
piston-engine fighter airplanes were 
obtained for testing. Cracks in the 
spar web near the wing-fuselage 
juncture strongly suggested the pos- 
sibility of fatigue as a cause for 
failures in the wing structure of this 
type of airplane, particularly in view 
of the repeated-load test data being 
accumulated at that time on the 
attack airplane. All craft had been 
in service for a considerable time. 
As a consequence, the portion of 
the life of the structure which had 
been “used ap” during service could 
only be estimated from an analysis 
of the log book. Two of the ships 
had cracks in the main spar web 
beneath the web doubler plates on 
both starboard and port sides ex- 
tending upward and inboard for 
approximately 2 to 3 in. from the 
lower intersection of the wing and 
fuselage. The third airplane had a 
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“When I found out from the 
Detrex field representative that 
the average metalworking plant 
had % to % of their operations 
tied up in metal cleaning and sur- 
face preparation, I was astonished 
to say the least! It started me think- 
ing as to just what percentage of 
our operations were of that type. 
I found that in our plant nearly a 
third of all the operations had 
to do with metal cleaning and 
surface preparation. That fact not 
only stood me on my ear but it 
changed my thinking completely 
regarding the importance of these 
operations. 
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many dollar-saving improvements 
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take degreasing solvent. Detrex 
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at the result. It won't cost you a 
cent and he may prove he can 
save you big money. Give it a 
whirl . . . you've got everything 
to gain .. . nothing to lose.”’ 
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crack in the main spar web at ap- 
proximately station 15, again meas- 
ured in inches from the centerline 
of the wing, extending approximate 
ly 9 ia. up from the fuel strainer 
inlet hole. The fourth airplane had 
no visible cracks in the spar web. 
In addition to these defects there 
was rivet slippage of the skin at- 
tachment rivets along the upper and 
lower spar caps outboard of the 
fuselage on all four craft. 

With the exception that loads 
were applied to the entire fighter 
wing rather than to the outer panel 
of one side only, the test method 
employed was generally similar to 
that used for the attack airplane. 
The effect of the spar web cracks 
on the fatigue life of the structure 
was observed closely during the re- 
peated-load testing for three of. the 
ships; two of them developed fail- 
ures remote from the cracked region. 
The third failed in the region of the 
crack after the incorporation of the 
first modification; however, the fail- 
ure did not extend along the crack. 
In no case was there any apparent 
lengthening of the cracks due to the 
repeated-load tests. One static fail- 
ure occurred along the line of the 
crack, but the failing load was suffi- 
ciently high (158% limit load) to 
lead to the conclusion that the crack 
had no appreciable effect on the 
static strength of the wing, It would 
appear, therefore, that these cracks 
acted as stress-relievers in this in- 
stance and did not play a primary 
role in the fatigue life of the aircraft 
structure. 

In the final program, a straight- 
wing, high-performance jet-engine 
fighter airplane was tested. It was 
thought that repeated-load tests of 
the outer wing panels could be made 
to obtain an S-N curve, and then 
by means of repeated-load tests of 
two full-strength panels, this S-N 
curve could be interpreted in terms 
of the fatigue life of the full-strength 
panels. The test method was similar 
to that used for the attack airplane. 
Repeated-load failures occurred in 
the same general areas of the spar 
cap as those of the static test fail- 
ures; the tapped screw holes in the 
vertical legs of the capstrip ap- 
parently were the primary contribu- 
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tors to failure of the panels under 
both static and repeated-load condi- 
tions. Initial cracking started no 
later than 2500 cycles and probably 
originated near the 1-in. bolt hole 
through the aft capstrip. Miner's 
cumulative damage ratio was also 
determined for spectrum loading 
conditions of several additional jet- 
fighter panels. 

In plotting their data, these au- 
thors used the reciprocal of the load 
level for the ordinate of an S-N 
plot. This leads to straight lines; it 
is particularly interesting that the 
data from the attack and jet-fighter 
airplanes lie almost parallel. This 
suggests that future tests using 
equivalent load levels might be 
simplified to the extent that only 
check points need be obtained at 
two load levels to determine the 
location of the curve with respect 
to the other curves. If parallelism 
were not indicated, further testing 
would then have to be undertaken. 


From their plot of stress concen- 
tration factor Kt vs. mean stress 
S,,, several further research require- 
ments are indicated. First, there is 
a great need for additional notched- 
specimen fatigue test data for Kt 
values up to 6.0, particularly for 
the range between 100 and 10,000 
cycles. This information should be 
obtained for extruded and bar-stock 
specimens as well as sheet speci- 
mens so as to provide the designer 
with information applicable to the 
components he must use in his de- 
signs. Second, the designer should 
devote increased attention to his 
detail design so as to reduce the 
composite stress concentration fac- 
tor of highly stressed areas. Finally, 
information is needed on the number 
and frequency of moderate and high 
load levels experienced in service 
operations. If accurate data of this 
kind can be obtained, and pending 
further refinements in the theory of 
fatigue, it might be possible to phrase 
design criteria which will lift aircraft 
out of the susceptibility range for 
fatigue failure. C. A. 


Ashworth Metal Belts combine Product 


PROCESS 
BELTS 


CAN “TAKE” IT, literally and figuratively 


Heat resistant 
Chemically resistant 
Abrasion resistant 


Processing and Material Flow 


ASHWORTH BROS., INC. 


WINCHESTER, VIRGINIA 


Sales Ailonta + Bullalo Charlone,N C + Chicag 


Greenville, C+ Los Angeles Lowsville New York Philadelphio « Rocheoter 
S Lous + Pout Canadian Rep PECKOVER'S LID, Toront 


were for 
MLUSTRATED CATALOG 


+ Cleveland Dalles 


* Montreal 


TENSILE STRENGTH AT 
ELEVATED TEMPERATURES 


| | | 
7075S-T6 ALUMINUM 
| 


| | 
2024S-T6 ALUMINUM 


4 


HK31-T6 
| MAGNESIUM. 
THORIUM 


AZ31-O MAGNESIUM 
1 
300 400 500 600 700 


TEMPERATURE IN 


Creep Resistance 
at 300-700 F. 


In this temperature range, use the 
thorium-containing alloys of magnesium. 
They are the only satisfactory metals 
which combine creep resistance with 
good strength and light weight 


For designers of high speed jet planes, 
rockets, and guided missiles, this solves 
a problem. Formerly it was thought 
necessary to use heavy materials. They 
are less satisfactory than these mag- 
nesium alloys 


Formerly available in the form of cast- 
ings only, thorium-containing magnesium 
alloys now come in rolled sheet. BAP's 
mill produces this sheet 


BAP engineers will help you redesign in 
magnesium. B&P offers the magnesium 
industry's most complete facilities for 
fabrication and assembly. Your inquiry 
will bring a descriptive booklet 


> LIGHTNESS PLUS! 
1958 WEST FORT STREET 
” DETROIT 16, MICH. 


AUGUST 15, 1955; PAGE A-121 


z 40 000 
: Zz 
10 000 
1? 
< 
Keep Your Product on the Move a 


How 


INSTRON 


can contribute 


to your Research 


and Testing 


Elongation, relaxation, com- 
pression, hysteresis, elastic 
modulus — properties like these 
are being measured with precision 
by the INSTRON in the nation’s 
leading metallurgical laboratories. 


This universal testing instrument 
functions under full scale loads of 
2 grams to 10,000 Ibs. at speeds of 
002 to 20 inches per minute. The 
behavior record may be magnified 
even under minute load variations. 


Versatile as it is, the Instron ac- 
commodates accessories that further 
broaden its use. The instrument can 
record elongation with or without 
extensometers, enabling tests to be 


of temperature and atmosphere. 


Other unique features are de- 
scribed in helpful literature that 
tells about Instron’s ability to open 
up new analytical possibilities in 
metallurgical research and testing. 
For facts, write: INSTRON Engi- 
neering Corporation, 
St., Quincy 71, Mass. 


INSTRON 
Unwwersal Testing 
Instrument 


(floor model) 
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performed under extreme conditions 


141 Hancock 


Statistical Control in Steel Production* 


Comrnarion and presentation of 

data is one of the important 
functions in a large plant and its 
mechanization should usually result 
in low cost, accuracy and speed. 
Accurate and speedy collection of 
relevant statistics helps to improve 
the production standards both as to 
quality quantity. This was 
achieved by using modern tech- 
niques of statistical quality ¢ontrol 


and 


at the Tata Iron & Steel Co., Jam- 
shedpur, in five widely different 
operations. 


1. Control of Pouring Weights — 
It was standard practice to pour 
more metal than necessary to insure 
the minimum length of blooms and 
slabs. Removing the excess as rolled 
lengths lowered the yield. For a 
regular check on pouring weights, 
heat-to-heat chart 


control was 


*Digest of “Quality Control — Use 
of Statistical Methods in Steel In- 
dustry”, by A. V. Sukhatme, Trans- 


actions of the Indian Institute of 
Metals, Vol. 7, 1953, p. 123-136. 


used showing the variation between 
actual weight and ordered weight. 
The operators could see how well 
they were doing and began to use 
a warning chalkline inside the mold 
to indicate when to stop. Within 
two months variation had dropped 
from about 2 to 3% to within 14%. 

2. Control of Lengths Cut at 
the Blooming Mill Shear — Excess 
weights of blooms or slabs had to 
be sacrificed in rolling mills, lower- 
ing the yield. The shear operators 
were estimating lengths by eye in 
spite of mechanical aids and slabs 
were cut in excess of ordered lengths 
about 4 to 5 in. per slab. The quality 
control people set up a control chart 
by selecting at random 10 to 12 slabs 
at the plate mill yard every day. 
Actual were 
When with 
lengths, overcuts or undercuts could 
be established. 
of the 


(Continued on p, A-123) 


lengths measured. 


compared ordered 
Education by use 


control chart resulted in 


ENGINEERING COMPANY 


403 E. Michigan Street, Milwaukee, Wis. 


. . for measuring industrial gases 
Here at last is the truly modern 
flo-meter that offers important and 
exclusive advantages for every user. 
1. Easy to clean. No tools are needed 

for disassembly . 


. can be completely 


cleaned and reassembled in 2 minutes. 
2. Easy to read. 6” scale gives extra 
visibility. Exclusive Waukee tabs 
identify in large red letters gas being 
measured. Eliminates mistakes. 
3. Built-in control valves. Operators 
can easily see flow change. 
4. Easy to mount. Can be panel mounted 
. piping is simpler, installation 
costs less. 


For additional information request 
bulletin #201. 


for 
measuring 
air 
* ammonia om 
+ dissociated 
ammonia 
3 + butane 
* city gas 
* endothermic 
cracked 
a cracked 4 
r 
| 


Statistical Control... 


slabs being sheared within 2 in. on 
the high side and quite often slight- 
ly on the lower side. 

3. The Dual Control Chart — 
“Track the interval 
between teeming and charging of 


time” is time 


determined that: Production rate per 


shift Y = 630.12 + 217.22 * num- 
ber of furnaces in operation 
132.11 x time of heat — 166.000 » 


idle time. By solving the equation 
for a number of situations, the fol- 
lowing results were shown 
Variation due to number of fur- 
naces in operation 11% 
Variation due to the time of heat 
amounted to 51% 


Accuracy of 


5. Sampling 
90-ton scale was not good, There- 
fore 


incoming zine slabs were 
weighed in small lots, It was noticed 
that individual slab weights were 
more or less equal, therefore the 
average weight per slab times the 
number of slabs in the shipment 
could be used to give an accurate 


estimate of the total weight in the 


ingots into the soaking pits. The 
longer the track time, the shorter 
the soaking time. Two control charts, 
one for track time and the other for 
soaking time, were used. However, 
unavoidable delays in switching re- 
quired picking the best times for 
soaking 


A dual control chart was used to 
establish coefficients”. 
Limits were set to show whether the 
foremen 


“regression 


were correcting out-of- 


control situations by 


altering the 
soaking practice. 

4. Correlation Analysis —In 
studies of the economics of the melt- 
ing shop, three factors affected the 
rate of production number of fur 
naces in operation, idle time and time 


of heat. By correlation analysis it was 


Variation due to idle time 30% 
Residual variation 8% 
The residual variation was due to 
all other factors not under scrutiny 
and was small enough to be ignored. 
Obviously time of heat was the 
important factor in this situation. 


shipment. Since the statistical varia 


tion was small, a 


more accurate 
estimate of the weight of the whole 
shipment was possible than by 
weighing the entire lot on the 90-ton 
scale Sampling was used to deter- 
mine the average weight of slabs; 
considerable labor was saved 

The important thing to be realized 
of statistical quality control is that 
it does not cure technical troubles 
“Its sole object is to ring the bell 
of first-hand warning of faults enter 
ing into a process so that immediate 


action may be 


taken to remove the 


cause before much damage results 
It also helps in tracing the origin of 
faults quickly and provides estimates 
of the variability in a process arising 
from different causes.” 


Howanp 


SIMPLYTROL AUTOMATIC 


10 temperature 
ranges cover from 
-75° to 3000°F. 


Several special 
ranges to -400°F. 


Cat. No. 453! 0 2500° F 
Price $132.00 


Thermocouple type Automatic Pyrometer for controlling tem- 
perature in furnaces, ovens, and processes. The Simplytrol 
is economical and reliable with few moving parts. There ore 
no vacuum tubes. The regular load relay is S.P.D.T. 5 Amps. 
Optional heavy duty relays to 40 Amps. 

10 temperature ranges cover from —75° to 3000° F. Several 
special ranges to —400° F. “On & Off” control for holding 
the desired temperature works on gas, oil or electric heat. 
Indicating meter-relay is medium high resistance and has 
bimetal cold junction compensation. For use with all stand- 
ard thermocouples. Accuracy 2%. 

“Auto-Limit”’ switch changes Simplytrol from automatic con- 
troller to limit pyrometer for safety shut down or warning. 
Cabinet: 6'2x6'x9'2 inches. Also flush panel mount models. 


Send for new Bulletin G-7 for more dato. Assembly Prod- 
ucts, Inc., Chesterland 38, Ohio. 


Photo courtesy Chance Vought Aircraft, lee 
used to check amooth ness of fuel valve poppeta for Cutlass jet fighter 


SURFINDICATOR 


Simplifies Surface Finish Inspection 


© The Brush SurrinpicaTor® can improve and 
speed your inspection of precision parts wherever 
a microinch finish is specified. This instrument is 
designed for shop use — easy to set up and use. 
Operator simply guides the pickup over the sur- 
face to be inspected, then reads surface roughness 
on the meter. For complete information write 
Brush Electronics Co., Dept. DD, 3405 Perkins 


Avenue, Cleveland 14, Ohio. ‘Trade-Mark 


BRUSH ELECTRONICS | 
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Aging Hardening and Drawing 


a n Annealing Homogenizing 
Aluminum Brazing Malleablizing 
pli Aluminizing Strip, etc. Nitriding 
Billet Heating 


Normalizing 


Brass Brazing Scale-Free Hardening 
Bright Annealing Sintering 
Bright Hardening Silver Soldering 


Carbon Restoration Special Atmosphere 
Carbonitriding Treatments 


Carburizing, Gas, etc. Spheroidizing 
Controlled Atmosphere Solution Heat Treating 
Copper Brazing Strip Coating — 
Enameling ® Forging Any Process 
Galvanizing Strip, etc. Stress Relieving 
Glass Heat Treating 


Quenching 


there’s an 


PRODUCTION HEAT TREATING FURNACE 


to fit your specific requirements 


Backed by over 40 years of practical furnace building experience and 
thousands of successful fuel fired and electric furnace installations, 
EF engineers are in position to design and build just the size and type 
of equipment you need for handling any product or production, or 


for any heat treating or processing requirement. 


Submit your production furnace problems 
to experienced EF engineers — it pays. 


THE ELECTRIC FURNACE CO. 


GAS CARBURIZING. Thi EF gos ‘fed radiant tube CAS OFF CLEC alem Ch 
gos carburizing unit with au@omatic quenching, washing PROCESS. PRODUCT OF 
and drawing equipment conveys gears and other material 


thru on three seporote rows of trays. The special otmos- Canadian Associates @ Canefco Limited @ Toerente 1, Canede 
mic generator 


phere is produced in on EF 


SCALE FREE HEAT TREATING. The EF gos fired UNIFORM ANNEALING. Bros, copper, cluminum, high BRIGHT ANNEALING. Dichorge end of on EF gov 
radiant tube installation with 3 heating tones, elevator and low carbon, stoiniess ond other alloy strip, tubing fired radiant tube installation with EF endothermic special 
type off quench ond o 2-station washing machine ond and wire in coils, on reels or in strands, ore uniformly atmosphere generator for bright onnecling various sizes 
timing equipment, scale free hardens heovy aircraft onneoled in hundreds of EF continuvows ond betch type of wnitormly and continvowly. Other OF in 


motor parts, miy, y ond y Ow ext experience con sove you time are handling stamiess steel and other slampings 
ond money. 


if you perform \ 
4 
EF 
34 
q 


quality No matter what your special steel need, Crucible 
can supply the right grade, size and shape from 
a conveniently located branch warchouse 


vw idest range of for Crucible makes the widest range of special 
special steels steels in the industry. 


As for quality, you can’t beat Crucible, for 
3 fast delivery specialty steels have been our stock-in-trade 

for 55 years. Uniformity of quality and prop- 
erties are achieved regularly. 


4 convenient local 


So whether you need tool, stainless, alloy or 


warehouses any other type of special steel, it will pay you 
to call your nearest Crucible representative. 

Remember, too, Crucible metallurgists and 
expert metaliurgical engineers are always available to help with 


service problems of steel application or specification. 


HERE ARE SOME OF THE MANY SPECIAL STEELS WHICH HAVE 
MADE CRUCIBLE FAMOUS 


agricultural steels Stainless — rezista!® Stainless Steels 


LaBelle® and Fieldmaster discs * Coulter blades —A complete line covering corrosion- and heat- 


resisting applications. 
alloy steels — 4 complete range 


° 
of AISI grades * Max-el tool steels 


drill steels —CA Double Dia- hot work steels—Atha Pneu + Chro- 
mond® Hollow Drill Steel * Crusca® Hollow and Mow® + CSM 2 «+ Formold® * Halcomb 
Solid Drill Steels 218 + Halvan * NuDie® V + Peerless A 


electrodes — s:morize High air-hardening steels — Airdi 150® - 
Speed + Rexweld® Hard Surfacing * Rezistal® Airkool 


Stainless * Tool Steel oil-hardening steels — Alva Extra® - 


high speed steels HYCC® + Ketos® + LaBelle * Paragon 


Rex® — “The King of High Speed Steels" water-hardening steels — Black Dia- 


mond * Crescent Special * Granada * Park 
Permanent Special * Peerless Extra Sanderson Extra 


re hollow tool steels —Airdi 150 + Ketos - 
xalloy* — Cast Cutting Tools and Sanderson * Champion Non-Changeable - 
Non-cutting Specialties 


NuDie V * Airkool 
spring steels —coid Rolled - 
Railway — Heavy Duty Industrial WHI re—Stoinless Fine Wire 


CRUCIBLE | STEEL COMPANY OF AMERICA 


THE OLIVER BUILDING, MELLON SQUARE, PITTSBURGH 22, PENNSYLVANIA 


MIDLAND WORKS, MIDLAND, PA. + SPAULDING WORKS, HARRISON, N. J. * PARK WORKS, PITTSBURGH, PA. + SPRING WORKS, PITTSBURGH, PA 
SANDERSON-HALCOMB WORKS, SYRACUSE, N.Y. + TRENT TUBE COMPANY, EAST TROY, WISCONSIN + NATIONAL DRAWN WORKS, EAST LIVERPOOL, OHIO 
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